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Human genomes are routinely compared against a universal human reference. However, this strategy 
could miss population-specific and personal genomic variations, which may be detected more 
efficiently using an ethnically-relevant or personal reference. Here I describe principles and methods 
in constructing a hybrid assembly of the first Korean reference genome (KOREF) by compiling all the 
major contemporary sequencing and mapping technologies: short and long paired-end sequences, 
synthetic and single molecule long reads, and optical and nanochannel genome maps. This low-cost 
hybrid approach shows the feasibility of routine reference-quality de novo assembled genomes to 
precisely analyze many personal and ethnic genomes in the future. I also introduce the concept of the 
consensus variome reference, providing information on millions of variants incorporated directly from 
40 additional ethnically homogeneous genomes from the Korean Personal Genome Project. KOREF is 
the first de novo assembled consensus variome reference. KOREF has been constructed according to 
standardized production and evaluation procedures, and registered as a standard reference data for 
ethnic Korean genomes by evaluating its traceability, uncertainty, and consistency. By comparing 
KOREF against other ethnic references, I find that the ethnically-relevant consensus reference can be 
beneficial for efficient variants detection and possibly other purposes in the future. Therefore, I 
propose that, despite the limited level of divergence within our species, the level of genomic scale 
variation is sufficiently high to warrant the use of ethnically-relevant references for large-scale 
personal and disease genome projects. Systematic comparison of human assemblies also shows the 
importance of assembly quality, suggesting the necessity of new technologies to comprehensively 
map ethnic and personal genomic structure variations. In the era of large-scale population genome 
projects, the leveraging of ethnicity-specific genome assemblies as well as the human reference 
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The standard human reference (currently GRCh38), which is mostly based on Caucasian and African 
ancestry1,2, is accurate, precise, and extensive. Because of the relatively small long term effective 
population size of anatomically modern humans (estimated to be as small as ~10,000)3,4, such a 
reference is adequate for most purposes and routinely used in research and biomedical applications. 
However, certain population specific variants could be missed with such a universal reference, and the 
current research efforts to map human diversity, including low frequency and structural variants, 
would benefit from ethnically relevant references5,6. Since the publication of the first draft of the 
human reference genome in 20017, sequencing technologies have advanced rapidly. In 2007, the 
diploid genome of a Caucasian male was sequenced and assembled using Sanger sequencing 
technology (HuRef)8. Later, the genomes of a Chinese (YH), an African (2009), a Caucasian 
(HsapALLPATHS1, here called NA12878_Allpaths, 2011), and a Mongolian (2014) were built using 
Illumina short-read sequencing data9-11. In 2014, a complete hydatidiform mole genome (CHM1_1.1) 
was assembled, albeit reference-guided, using Illumina short-reads and indexed bacterial artificial 
chromosome (BAC) clones12. In 2015, a haplotype-resolved diploid YH genome was assembled using 
fosmid pooling together with short-read sequence data13. These assemblies, although useful and 
important for genomics researches, are not of sufficient accuracy or overall quality to be considered a 
general purpose standard reference genome14. 
The recent increased availability of long-range sequencing and mapping methods has 
important implications for the generation of references for ethnic groups and even personal genomes, 
especially for disease associated structural variations (SVs). Long range data can improve draft 
genome assemblies by increasing the scaffold size, efficiently closing gaps, resolving complex regions, 
and identifying SVs15-22 at relatively low costs. Notable approaches are single-molecule real-time 
sequencing technology (SMRT) and highly-parallel library preparation and local assembly of short 
reads (synthetic long reads) for resolving complex DNA regions and filling genomic gaps15-17. For 
instance, single haplotype human genomes were constructed using single-molecule long read 
sequencing (CHM1_PacBio_r2 and CHM13). Long-read methods can be complemented and validated 
by two high-throughput mapping methods: optical mapping and nanochannel-based genome mapping. 
The most representative cases are the NA12878 (ASM101398v1; here called NA12878_single) and 
HX1 (a Chinese individual) genomes, which were hybrid assembled by combining single-molecule 
long reads with single-molecule genome maps21,22. Assemblies incorporating high-throughput short 
reads and long range mapping or sequencing data, or hybrid assemblies, can enhance the quality, 
providing much longer scaffolds with validation and adjustment of complex genomic regions19-22.  
Complementary to reference genome projects, which provide accurate templates, population 
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genome projects, such as Personal Genome Project (PGP)23 and the 1,000 Genomes Project 
(1KGP)24,25, provide valuable variome information that is fundamental to many biomedical research 
projects. The PGP was initiated in 2005 to publicly share personal genome, health, and trait data, 
crucial in understanding the diverse functional consequences associated with genetic variation. 
Recently, large scale population genome projects in Britain and the Netherlands have been launched 
to identify population-specific rare genetic variations and disease-causing variants26,27. The single 
reference and population derived genomic variation types and frequencies (variome) are the pillars of 
genomics.  
Here, I report two versions of the Korean reference (KOREF) genome (KOREF_S: a single 
reference assembly and KOREF_C: single reference + consensus variome), produced as part of PGP, 
by utilizing hybrid sequencing and mapping data. KOREF provides another high quality East-Asian 
reference to complement GRCh38. KOREF was initiated by the Korean Ministry of Science and 
Technology in 2006 to generate a national genome and variome references. To deal with the issues 
inherent to short reads, I use data from a number of different technologies (short and long paired-end 
sequences, synthetic and single molecule long reads, and optical and nanochannel genome maps) to 
build a high quality hybrid assembly of a male donor, KOREF_S (Fig. 1). Furthermore, I integrate 
information from 40 high-coverage whole genomes (based on short reads) from the Korean PGP 
(KPGP)28 to generate a population-wide consensus Korean reference, KOREF_C. I compared the 
genomic structure of KOREF_C with other human genome assemblies, uncovering many structural 
differences, including ethnic-specific highly frequent structural variants. Importantly, the 
identification of SVs is largely affected by the sequencing platform used and assembly quality, 
suggesting the need for long-read sequences and a higher quality assembly to comprehensively map 
the ethnic and personal genomic structures. Accompanied by multi-ethnic PGP data, in the future, 
many low-cost personal, national, and ethnic genome references will accelerate the completion of 
mapping all human genome diversity in both single nucleotide variations (SNVs) and SVs. My 
endeavor to construct KOREF is not limited to one ethnic group, but it is towards the era of 
personalized complete reference genome where everyone has his or her own reference of genome, 
transcriptome, proteome, and other omics data at a fraction of the cost spent for the human genome 
project decades ago. This has a far reaching implications in the society as well as in science as it will 
revolutionize how humans are born, live, and die in the future with an extensive amount of omics data 
of their own life. In a way, this is an important part of the ultimate democratization of genomics data 




Figure 1. Schematic overview of KOREF assembly procedure. (a) Short and long insert size 
libraries by Illumina whole genome sequencing strategy. (b) Contig assembly using K-mers from 
short insert size libraries. (c) Scaffold assembly using long insert size libraries. (d) Super-scaffold 
assembly using OpGen whole genome mapping approach. (e) Gap closing using PacBio long reads 
and Illumina TruSeq synthetic long reads (TSLR). (f) Assembly assessment using BioNano consensus 
maps. (g) Chromosome sequence building using whole genome alignment information into the human 
reference (GRCh38). (h) Common variants substitution using 40 Korean whole genome sequences.  
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Ⅱ. Methods 
2.1 Sample preparation 
All sample donors in this study signed written informed consent to participate, and the Institutional 
Review Board on Genome Research Foundation (IRB-201307-1 and IRB-201501-1 for KOREF, and 
20101202-001 for KPGP) provided approval for this study. Genomic DNA and RNA used for 
genotyping, sequencing, and mapping data were extracted from the peripheral blood of sample donors. 
My colleagues and I conducted genotyping experiments with 16 Korean male participants using 
Infinium omni1 quad chip to check if the 16 donors had certain genetic biases. A total of 45 Korean 
whole genomes (40 for variant substitution and five for variant comparison) were used in this study 
(from the KPGP), sequenced using Illumina HiSeq2000/2500. For the comparison with the 16 donors, 
34 Korean whole genome sequences from the KPGP and 86 Japanese, 84 Chinese, 112 Caucasians, 
and 113 Africans genotyping data from HAPMAP phase 3 were used. After filtering for MAF (< 5 %), 
genotyping rate (< 1 %), and LD (R2 ≤ 0.2) using PLINK29, 90,462 and 72,578 shared nucleotide 
positions were used to calculate genetic distances for three ethnic groups (East-Asians, Caucasians, 
and Africans) and three East-Asian groups (Koreans, Chinese, and Japanese), respectively. 
 Epstein-Barr virus (EBV)-transformed B-cell line was constructed from the KOREF_S 
donor’s blood30, with minor modification. Briefly, peripheral blood mononuclear cells (PBMCs) were 
purified by Ficoll-Paque Plus (GE Healthcare, UK) density gradient centrifugation. For EBV 
infection, the cells were pre-incubated for 1 h with spent supernatant from the EBV producer cell line 
B95-8, and then cultured in RPMI-1640 containing 10-20% fetal bovine serum (FBS), 2 mM L-
glutamine, 100 U per ml penicillin, 0.1 mg/ml streptomycin, 0.25 μg per ml amphotericin B (all from 
Gibco, Grand Island, NY, USA). The EBV-transformed B-cells were maintained at a concentration 
between 4105 – 1106 cells per ml and expanded as needed. 
 
2.2 Genome sequencing and scaffold assembly 
For the de novo assembly of KOREF_S, 24 DNA libraries (three libraries for each insert size) with 
multiple insert sizes (170bp, 500bp, 700bp, 2 Kb, 5 Kb, 10 Kb, 15 Kb, and 20 Kb) were constructed 
according to the protocol of Illumina sample preparation. The libraries were sequenced using 
HiSeq2500 (three 20 Kb libraries) and HiSeq2000 (others) with a read length of 100bp. PCR 
duplicated, sequencing and junction adaptor contaminated, and low quality (<Q20) reads were filtered 
out, leaving only highly accurate reads to assemble the Korean genome. Additionally, short insert size 
and long insert size reads were trimmed into 90bp and 49bp, respectively, to remove poly-A tails and 
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low quality sequences in both ends. Error corrected read pairs by K-mer analysis from the short insert 
size libraries (<1 Kb) were assembled into distinct contigs based on the K-mer information using 
SOAPdenovo231. Then, read pairs from all the libraries were used to concatenate the contigs into 
scaffolds step by step from short insert size to long insert size libraries using the scaff command of 
SOAPdenovo2 with default options except the –F option (filling gaps in scaffolds). To obtain 
scaffolds with the longest N50 length, I assembled the Korean genome (KOREF_S) with various K-
mer values (29, 39, 49, 55, 59, 63, 69, 75, and 79) and finally selected an assembly derived from 
K=55, which has the longest contig N50 length. To reduce gaps in the scaffolds, I closed the gaps 
twice using the short insert size reads iteratively.  
 
2.3 Super-scaffold assembly 
I used whole-genome optical mapping data to generate a restriction map of the KOREF_S and 
assemble scaffolds into super-scaffolds18. First, 13 restriction enzymes were evaluated for 
compatibility with the Korean genome draft assembly, and SpeI enzyme was deemed suitable for the 
Korean genome analysis. High molecular weight DNA was extracted, and 4,217,937 single molecule 
restriction maps (62,954 molecules on each map card on overage) were generated from 67 high 
density MapCards. Among them, 2,071,951 molecules exceeding 250 Kb with ~360 Kb of average 
size were collected for the genome assembly. The Genome Builder bioinformatics tool of OpGen18 
was used to compare the optical mapping data to the scaffolds. The distance between restriction 
enzyme sites in the scaffolds were matched to the lengths of the optical fragments in the optical maps, 
and matched regions were linked into super-scaffolds. Only scaffolds exceeding 200 Kb were used in 
this step.  
Additionally, I generated two types of long reads for KOREF_S building: PacBio long reads 
and TSLRs. The PacBio long reads were generated using a Pacific Biosciences RSII instrument 
(P4C2 chemistry, 78 SMRT cells; P5C3 chemistry, 51 SMRT cells), and the TSLRs were sequenced 
by Illumina HiSeq2500. Both long reads were simultaneously used in additional scaffolding and gap 
closing processes using PBJelly2 program32 with default options.  
 
2.4 Assembly assessment and chromosome building 
For a large-scale assessment of the scaffolds, I generated nanochannel-based genome mapping data 
(~145 Gb of single-molecule maps exceeding 150 Kb) on five irysChips and assembled the mapping 
data into 2.8 Gb of consensus genome maps using BioNano Genomics Irys genome mapping system. 
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The consensus genome maps were compared to KOREF_S scaffolds and GRCh38 using irysView 
software package21 (version 2.2.1.8025). To identify misassembles in KOREF_S scaffolds in detail, I 
manually checked alignment results of the consensus genome map into KOREF_S scaffolds and 
human reference. For a smaller resolution assessment, I aligned all the filtered short and long reads 
into the scaffolds using BWA-MEM33 (version 0.7.8) with default options. My colleagues and I 
conducted a whole genome alignment between KOREF_S scaffolds (≥ 10 Kb) and human reference 
(soft repeat masked) using SyMap34 with default comparison parameters (mapped anchor number ≥ 7) 
to detect possible inter- or intra-chromosomal rearrangements. My colleagues and I manually checked 
all the whole genome alignment results. 
 To build the chromosome sequence of KOREF_S, first I used the whole genome alignment 
information (chromosomal location and ordering information) of the final scaffolds (≥ 10 Kb) onto 
GRCh38 chromosomes. Then, unmapped scaffolds were re-aligned to GRCh38 chromosome with a 
mapped anchor number ≥ 4 option. Small length scaffolds (from 200bp to 10 Kb) were aligned to 
GRCh38 chromosomes using BLASR35, and only alignments with mapping quality = 254 were used. 
Unused scaffolds (a total 88.3 Mb sequences) for this chromosome building process were located in 
an unplaced chromosome (chrUn). Gaps between the aligned scaffolds were estimated based on the 
length information of the human reference sequences. If some scaffold locations overlapped, 10 Kb 
was used as the size of gap between the scaffolds. I added 10 Kb gaps on both sides of KOREF_S 
chromosome sequences as telomeric regions just as done for GRCh38. The mitochondrial sequences 
of KOREF_S were independently sequenced using Nextera XT sample prep kit and then assembled 
using ABySS36 (version 1.5.1) with K=64. Haplogroup of the mitochondrial DNA was assigned using 
MitoTool37. 
The 40 Korean whole genome sequences from KPGP database were aligned onto KOREF_S 
chromosomes using BWA-MEM with default options, in order to remove individual specific sequence 
biases of KOREF_S and generate KOREF_C. SNVs and small indels in the 40 Koreans were called 
using the Genome Analysis Toolkit (GATK, version 2.3.9)38. IndelRealigner was conducted to 
enhance mapping quality, and base quality scores were recalibrated using the TableRecalibration 
algorithm of GATK. Commonly found variants in the 40 Korean genomes were used to substitute 
KOREF_S sequences. For the SNV substitution, I calculated allele ratio of each position, and then I 
substituted any KOREF_S sequence with the most frequent allele only if the KOREF_S sequence and 
most frequent allele were different. For the indel substitution, I used only indels that were found in 
over 40 haploids out of the 40 Korean whole genomes (80 haploids). In cases of sex chromosomes, I 
used 25 male (25 haploids) whole genomes for Y chromosome and 15 female whole genomes (30 
haploids) for X chromosome comparison.  
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2.5 Genome annotation 
KOREF_C was annotated for repetitive elements and protein coding genes. For the repetitive 
elements annotation, my colleagues and I searched KOREF_C for tandem repeats and transposable 
elements using Tandem Repeats Finder (version 4.07)39, Repbase (version 19.02)40, RepeatMasker 
(version 4.0.5)41, and RepeatModeler (version 1.0.7)42. For the protein coding gene prediction, 
homology-based gene prediction was first conducted by searching nucleotides of protein coding genes 
in Ensembl database 79 against KOREF_C using Megablast43 with identity 95 criterion. The matched 
sequences were clustered based on their positions in KOREF_C, and a gene model was predicted 
using Exonerate software44 (version 2.2.0). I also conducted de novo gene prediction. To certify 
expression of a predicted gene, I sequenced three different timeline whole transcriptome data of the 
KOREF_S sample using a TruSeq RNA sample preparation kit (v2) and HiSeq2500. I predicted 
protein coding genes with the integrated transcriptome data using AUGUSTUS45 (version 3.0.3). I 
filtered out genes shorter than 50 amino acids and possible pseudogenes having stop-codons. I 
searched de novo predicted genes against primate (human, bonobo, chimpanzee, gorilla, and 
orangutan) protein sequences from NCBI, and filtered out de novo predicted genes if identity and 
coverage were below 50 %. For the assembly quality comparison purpose, I only used homology-
based search for RefSeq46 human protein-coding genes and repetitive elements. The homology-based 
segmental duplicated region search was conducted using DupMasker program47. To calculate 
GRCh38 genome recovery rates of human assemblies, my colleagues and I conducted whole genome 
alignments between each assembly (KOREF_S final contigs, KOREF_S final scaffolds, and other 
assemblies) and GRCh38 using LASTZ48 (version 1.03.54) and Kent utilities (written by Jim Kent at 
UCSC)49 with GRCh38 self-alignment options (--step 19 --hspthresh 3000 --gappedthresh 3000 --
seed=12of19 --minScore 3000 --linearGap medium). After generating a MAF file, my colleagues and 
I calculated genome recovery rates using mafPairCoverage in mafTools50.  
 To estimate the amount of novel KOREF_C sequences, I aligned the short insert size and 
long mate pair library sequences into GRCh38 using BWA-MEM with default options and then 
extracted unmapped reads using SAMtools51 (version 0.1.19) and Picard (version 1.114, 
http://picard.sourceforge.net) programs. I filtered out possible microbial contamination by searching 
against Ensembl databases of bacterial genomes and fungal genomes using BLAST with default 
options. The remaining reads were sequentially aligned into other human genome assemblies 
(CHM1_1.1, HuRef, African, Mongolian, and YH sequentially) using BWA-MEM with default 
options, and then removed duplicated reads using MarkDuplicate program in Picard. The alignment 
results were extracted to an unmapped BAM file using SAMtools view command with -u -f 4 options. 
I extracted final unmapped reads from the unmapped BAM file using SamToFastq program in Picard. 
Finally, unmapped reads to the other human genome assemblies were aligned to KOREF_C. The 
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regions with length ≥100bp and covered by at least three unmapped reads were considered as novel in 
KOREF_C.  
 
2.6 Variant and genome comparison 
A total of 15 whole genome re-sequencing data results (five Caucasians, five Africans, and five East-
Asians) were downloaded from the 1KGP, HGDP, and PAPGI projects. The re-sequencing data (five 
Caucasians, five Africans, five East-Asians, and five Koreans from KPGP) was filtered (low quality 
with a Q20 criterion and PCR duplicated reads) and then mapped to KOREFs (KOREF_S and 
KOREF_C) with unplaced scaffolds, GRCh38, and GRCh38_C chromosomes using BWA-MEM with 
default options. To generate GRCh38_C, common variants (2,043,259 SNVs and 197,885 small indels) 
of East-Asians were collected from the 1KGP database and used to substitute GRCh38 sequences. The 
variants (SNVs and small indels) were called for only chromosome sequences using GATK, in order 
to exclude variants in unmatched and partially assembled repetitive regions14. Variants were annotated 
using SnpEff52, and biological function altering was predicted using PROVEAN53. I considered all of 
the nsSNVs causing stop codon changes and frame shift indels as function altered. Enrichment tests 
and annotation of variants were conducted using WebGestalt54 and ClinVar55. The variants were 
compared with dbSNP56 (version 144) to annotate known variants information.  
For linking variants found compared to KOREFs, GRCh38, and GRCh38_C, the genome to 
genome alignment was conducted between GRCh38 and KOREF_C reference genomes using 
LASTZ48. The LASTZ scoring matrix used was with M=254 (--masking=254), K=4500 (--
hspthresh=4500), L=3000 (--gappedthresh=3000), Y=15000 (--ydrop=15000), H=0 (--inner=9), 
E=150 / O=600 (--gap=<600,150>), and T=2 options. The LASTZ output was translated to the chain 
format with axtChain, then merged and sorted by the chainMerge and chainSort programs, 
respectively. The alignable regions were identified with chainNet, and then selected by 
netChainSubSet programs for creating a lift-over file. All programs run after LASTZ were written by 
Jim Kent at UCSC49. 
 To detect SVs among the human genome assemblies, my colleagues and I conducted whole 
genome alignments between each assembly and GRCh38 using LASTZ. Then, the whole genome 
alignment results were corrected and re-aligned based on a dynamic-programming algorithm using 
SOAPsv package. SVs that could be derived from possible misassembles were filtered out by 
comparing the S/P ratio for each structural variation region in the assembly and GRCh38; authentic 
SVs would be covered by sufficient paired-end reads, whereas spurious SVs would be covered by 
wrongly mapped single-end reads. My colleagues and I implemented the S/P ratio filtering system 
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according to the previous published algorithm57, because the S/P ratio filtering step in the SOAPsv 
package is designed for only assembled sequences by SOAPdenovo. P-value was calculated by 
performing Fisher’s exact test to test whether the S/P ratio of each SV and the S/P ratio of the whole 
genome are significantly different (P-value < 0.001). I confirmed that commonly shared SVs were not 
caused by the mis-assembly by checking the mapping status of KOREF_S short and long reads into 
both GRCh38 and KOREF_C. SVs by mapping CHM1’s PacBio SMRT reads to the human reference 
genome were derived by lift-over SV results found against GRCh37 in the published paper15. When I 
compared SVs in the different genome assemblies and available database, I considered SVs to be the 
same if SVs were reciprocally 50 % covered and had the same SV type. Novel SVs were determined 
as not found in dbVar, Database of Genomic Variants (DGV)58, Database of Retrotransposon Insertion 
Polymorphisms (dbRIP)59, dbSNP146, Mills60, and 1000 Genome phase 3 database. 
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Ⅲ. Results & Discussion 
3.1 Choosing a representative genome donor 
My colleagues and I recruited 16 Korean volunteers, who signed an informed consent (based on the 
PGP protocol, with minor country-specific adaptations) for use of their genomic data and agreed to 
their public release (Table 1). After extracting DNA from peripheral blood (Table 2), we genotyped 
each volunteer using an Infinium omni1 quad chip.  
Table 1. 16 Korean male volunteers in KOREF construction 
ID Age Sex   ID Age Sex 
KR01 47 male   KR09 34 male 
KR02 27 male   KR10 31 male 
KR03 30 male   KR11 29 male 
KR04 31 male   KR12 29 male 
KR05 30 male   KR13 27 male 
KR06 50 male   KR14 39 male 
KR07 48 male   KR15 31 male 
KR08 56 male   KR16 35 male 
 


















KR-01 127 45 5.72 195.9 1.78 2.07 8.82 
KR-02 137 48 6.58 208.1 1.79 2.19 9.99 
KR-03 159 49 7.79 234.0 1.78 2.02 11.47 
KR-04 376 43 16.17 467.1 1.81 2.14 20.09 
KR-05 200 49 9.80 286.3 1.81 2.18 14.03 
KR-06 270 41 11.07 525.7 1.82 2.05 21.55 
KR-07 328 40 13.12 579.9 1.82 2.00 23.20 
KR-08 131 41 5.37 183.5 1.81 2.17 7.52 
KR-09 101 42 4.24 172.5 1.80 2.13 7.25 
KR-10 125 43 5.38 192.8 1.80 2.18 8.29 
KR-11 103 43 4.43 156.8 1.81 2.12 6.74 
KR-12 129 43 5.55 177.8 1.81 2.12 7.65 
KR-13 98.9 52 5.14 152.4 1.81 1.82 7.92 
KR-14 164 43 7.05 238.7 1.82 2.17 10.26 
KR-15 186 43 8.00 275.1 1.80 2.14 11.83 
KR-16 147 980 144.06 228.8 1.79 2.10 224.22 
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Multidimensional scaling (MDS) plots of pairwise genetic distances were constructed, using an 
additional 34 Korean whole genome sequences from the KPGP database, as well as 86 Japanese, 84 
Chinese, 112 Caucasians, and 113 Africans genotype data from HAPMAP phase 361 (Fig. 2). All the 
16 Korean samples fell into a tight population cluster, indicating they represent one ethnic group. A 
healthy male donor was chosen as KOREF_S by considering a list of parameters such as centrality of 
the genetic distance, the participant’s age, parental sample availability, the availability for continuous 
blood sample donation, and normality of the G-banded karyotype (Fig. 3). To supply reference 
material, an immortalized cell line was constructed from the KOREF_S donor’s blood and deposited 
in the Korean Cell Line Bank (KCLB, #60211). 
 
Figure 2. MDS plot of 445 human samples. (a) MDS plots of the 16 donors (KR) were drawn by 
comparing to other 34 Koreans (KPGP), 86 Japanese (JPT), 84 Chinese (CHB), 112 Caucasians 
(CEU), and 113 Africans (YRI) using 90,462 SNV markers. (b) MDS plot among Koreans, Chinese, 
and Japanese using 72,578 SNV markers. The span of the genetic distance of the 16 did not fall 








3.2 KOREF_S assembly 
I obtained short-read sequencing data from the Illumina HiSeq2000 and HiSeq2500 platforms, using 
the same approach adopted by other draft reference genome projects9-11,13,31. A total 964 Gb of paired-
end DNA reads were generated from 24 libraries with different fragment sizes (170bp, 500bp, and 
700bp of short insert size, and 2 Kb, 5 Kb, 10 Kb, 15 Kb, and 20 Kb of long insert size), giving a total 
sequencing depth coverage of ~311 fold (Tables 3 and 4). From a K-mer analysis, the size of 
KOREF_S was estimated to be ~3.03 Gb (Table 5 and Fig. 4). Error corrected reads by K-mer 
analysis from the short insert size libraries (<1 Kb) were assembled into distinct contigs based on the 
K-mer information (Table 6). As the target fragment sizes can be biased by library construction 
process, I estimate the real fragment sizes of all the libraries by mapping the DNA reads onto the 
contigs (Fig. 5). Then, read pairs from all the libraries were used to concatenate the contigs into 
scaffolds step by step from short insert size to long insert size libraries. A total of 68,170 scaffolds (≥ 
200bp) were generated, totaling 2.92 Gb in length reaching an N50 length of almost 20 Mb (19.85 Mb) 
and containing only 1.65 % gaps (Table 7 and Fig. 6). Approximately, 90 % of the genome draft (N90) 
was covered by 178 scaffolds, each larger than 3.09 Mb, with the largest spanning over 80 Mb (81.9) 
on Chromosome 6. 
Table 3. Statistics regarding Illumina whole-genome shotgun sequence 
Type Insert size Read length (bp) Number of read pairs Total data (Gb) Sequence depth (×) 
Short-insert size libraries 
170bp 101 
254,562,947 51.42 16.59 
48.69 246,624,330 49.82 16.07 
246,007,078 49.70 16.03 
500bp 101 
246,418,836 49.78 16.06 
46.71 230,109,465 46.48 14.99 
240,361,539 48.55 15.66 
700bp 101 
207,193,678 41.85 13.50 
39.17 188,159,956 38.01 12.26 
205,873,335 41.59 13.41 
Long-mate pair libraries 
2Kb 101 
196,290,337 39.65 12.79 
38.22 232,858,099 47.04 15.17 
157,507,662 31.82 10.26 
5Kb 101 
152,201,289 30.74 9.92 
32.81 177,874,430 35.93 11.59 
173,383,733 35.02 11.30 
10Kb 101 
205,215,277 41.45 13.37 
40.05 209,859,354 42.39 13.67 
199,617,521 40.32 13.01 
15Kb 101 
156,336,183 31.58 10.19 
30.65 166,036,249 33.54 10.82 
147,927,209 29.88 9.64 
20Kb 101 
181,506,276 36.66 11.83 
34.72 177,434,679 35.84 11.56 
173,929,946 35.13 11.33 
Total     4,773,289,408 964.19 311.02 311.02 
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Table 4. Statistics regarding filtered and trimmed whole-genome shotgun sequence 
Type Insert size Read length (bp) Number of read pairs Total data (Gb) Sequence Depth (×) 
Short-insert size libraries 
170bp 90 
238,901,578 43.00 13.87 
40 225,934,916 40.67 13.12 
224,145,725 40.35 13.01 
500bp 90 
220,100,704 39.62 12.78 
37.57 207,716,033 37.39 12.06 
219,165,329 39.45 12.73 
700bp 90 
189,043,000 34.03 10.98 
32.24 173,545,699 31.24 10.08 
192,535,557 34.66 11.18 
Long-mate pair libraries 
2Kb 49 
102,368,796 10.03 3.24 
9.64 118,485,351 11.61 3.75 
83,704,400 8.20 2.65 
5Kb 49 
74,199,538 7.27 2.35 
8.08 93,060,115 9.12 2.94 
88,156,446 8.64 2.79 
10Kb 49 
52,521,514 5.15 1.66 
5.03 54,759,429 5.37 1.73 
51,874,811 5.08 1.64 
15Kb 49 
60,904,413 5.97 1.93 
5.3 55,631,632 5.45 1.76 
51,042,581 5.00 1.61 
20Kb 49 
20,374,949 2.00 0.64 
2.08 26,561,512 2.60 0.84 
19,032,195 1.87 0.60 
Total     2,843,766,223 433.77 139.94 139.94 
 
 





























Figure 4. K-mer (K=23) analysis. The x-axis represents the depth coverage of each unique 23-mer in 
the Korean genome, and the y-axis represents the proportion of frequency at that depth divided by the 
total frequency at all depths.  
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Table 6. Contig assembly results based on various K-mer information 
K-mer size 
All sequences Longer than 100bp 
Total size Longest N50 Total size Longest N50 
29 5,187,304,717 16,946 90 2,275,359,750 16,946 1,099 
39 4,459,796,947 35,726 300 2,529,816,579 35,726 1,939 
49 4,066,593,737 51,838 980 2,740,134,913 51,838 2,375 
55 3,860,731,497 44,789 1,447 2,915,054,629 44,789 2,559 
59 3,744,446,380 48,982 1,773 2,990,197,206 48,982 2,735 
63 3,641,677,654 54,683 2,113 3,029,961,853 54,683 2,964 
69 3,524,281,519 54,689 2,589 3,072,247,309 54,689 3,295 
75 3,429,622,648 62,488 2,918 3,097,380,667 62,488 3,466 





Figure 5. The real fragment size estimation for all the short and long insert size libraries 
  
16 




























N90 8.59 89,240 3.09 178 3.86 140 3.53 143 81.54  19  
N80 14.62 63,987 6.45 116 9.45 92 9.26 93 103.05  16  
N70 20.42 47,417 10.45 81 14.47 67 14.53 67 136.43 13  
N60 26.58 35,099 16.16 59 19.56 49 19.36 50 137.59 11  
N50 33.38 25,446 19.85 42 25.93 36 26.08 36 155.88 8  
Longest 334.16  -  81.91 -  101.22 -  101.48 -  251.92  - 
Gaps 0 % -  1.65 % -  1.75  % -  1.06 % -  9.44 % - 
Total 
(≥ 200bp) 
2.87 Gb 230,514  2.92 Gb 68,170  2.92 Gb 68,103  2.94 Gb 68,451  3.12 Gb  24  
Total 
(≥10 Kb) 




Figure 6. Length distribution of KOREF_S assembled fragments. (a) KOREF_S contig using 
only NGS short read data. (b) KOREF_S scaffold using only NGS short read data. Fragments 
(contigs/scaffolds) were sorted by their lengths.  
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 In order to further extend the scaffolds, I used a high-throughput whole-genome optical 
mapping instrument, as previously suggested18. I extracted high molecular weight DNA and generated 
745.5 Gb of single-molecule restriction maps (about two million molecules with 360 Kb of average 
size) from 67 high density MapCards, resulting in 240-fold optical map coverage (Tables 8 and 9).  
Table 8. In silico restriction enzyme selection on the KOREF_S scaffolds. SpeI enzyme was used 















AflII 25.12 10.31 10.07 4.58 4 117.49 
BamHI 94.94 82.36 72.76 8.08 19 159.82 
KpnI 98.76 91.89 69.64 10.35 50 154.09 
NcoI 17.1 3.37 3.35 3.85 0 84.46 
NheI 98.08 89.26 65.1 10.67 62 149.61 
SpeI 94.8 73.17 67.9 7.44 63 196.12 
BglII 7.01 2.12 2.07 3.79 1 104.69 
EcoRI 7.86 2.87 2.85 3.65 0 71.37 
MluI 0.76 0.23 0.09 130.62 9422 1529.97 
NdeI 12.35 6.4 6.21 3.25 3 105.73 
PvuII 2.2 0.4 0.4 2.7 3 149.7 
XbaI 9.27 3.33 3.26 3.64 3 147.38 




Table 9. OpGen single molecule restriction map (SMRM) statistics 
Summary of SMRM data Maps used in analysis 
Total Size (Gb) 745.51 
Number of Molecules 2,071,951 
Average Size of Molecules (Kb) 359.81 
Minimum molecule size (Kb) 250 




To join the scaffolds, the single-molecule optical maps were compared to the assembled scaffolds that 
were converted into restriction maps by in silico restriction enzyme digestion. As a result, a total of 67 
scaffolds (>200 Kb) were joined (Table 10). This resulted in the increase of scaffold N50 length from 
19.85 Mb to 25.93 Mb (Table 7).   
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Table 10. Scaffold joining results using optical mapping data 
Scaffold1 size1(kb) strand1 Scaffold2 size2 (kb) strand2 Gap (kb) Score 
SCAFFOLD317 1022.416 1 SCAFFOLD743 842.84 -1 14.466 99.4236 
SCAFFOLD210 11746.639 1 SCAFFOLD940 551.059 -1 12.506 97.8962 
SCAFFOLD244 882.071 1 SCAFFOLD150 8643.747 1 -4.539 92.9372 
SCAFFOLD532 495.294 1 SCAFFOLD280 1697.743 -1 16.755 87.2892 
SCAFFOLD103 8759.181 1 SCAFFOLD431 2527.758 1 4.325 80.7857 
SCAFFOLD8 18209.097 1 SCAFFOLD122 5972.151 1 17.543 69.7056 
SCAFFOLD79 778.308 1 SCAFFOLD292 913.969 1 1.636 66.4837 
SCAFFOLD77 4752.716 1 SCAFFOLD89 4287.167 1 0.067 64.7672 
SCAFFOLD89 4287.167 1 SCAFFOLD140 10524.263 1 -5.698 62.3363 
SCAFFOLD63 8355.854 -1 SCAFFOLD163 6250.598 1 14.348 55.3254 
SCAFFOLD356 1363.545 -1 SCAFFOLD743 842.84 1 71.197 55.2638 
SCAFFOLD70 19845.87 1 SCAFFOLD42 6341.468 1 202.32 54.2056 
SCAFFOLD110 6289.28 1 SCAFFOLD170 3210.067 1 2.994 53.1726 
SCAFFOLD19 29018.184 1 SCAFFOLD364 2266.538 1 39.026 47.5055 
SCAFFOLD485 689.059 1 SCAFFOLD343 2303.617 1 57.217 43.8511 
SCAFFOLD428 511.544 1 SCAFFOLD31 2851.399 -1 116.431 43.2197 
SCAFFOLD126 5708.801 1 SCAFFOLD219 1429.49 -1 85.562 43.2175 
SCAFFOLD353 2639.995 1 SCAFFOLD15 2258.516 1 10.722 38.5231 
SCAFFOLD91 5409.31 1 SCAFFOLD63 8355.854 -1 190.878 38.2565 
SCAFFOLD169 5101.962 1 SCAFFOLD653 227.433 1 12.551 32.557 
SCAFFOLD87 12817.817 -1 SCAFFOLD212 3045.171 1 16.396 29.8232 
SCAFFOLD264 14081.586 1 SCAFFOLD575 626.29 1 25.872 28.7976 
SCAFFOLD24 15566.053 1 SCAFFOLD3 13712.728 1 -0.342 28.4213 
SCAFFOLD502 381.379 -1 SCAFFOLD533 1080.224 1 0.859 27.1306 
SCAFFOLD1072 619.532 1 SCAFFOLD189 12056.91 -1 51.438 26.8774 
SCAFFOLD246 13977.981 -1 SCAFFOLD206 20601.118 1 5.588 24.7277 
SCAFFOLD322 4940.238 1 SCAFFOLD201 6752.265 1 2.859 23.4562 
SCAFFOLD337 286.159 1 SCAFFOLD787 520.497 1 25.873 22.9017 
SCAFFOLD103 8759.181 -1 SCAFFOLD11 5130.215 1 0.002 22.6392 
SCAFFOLD85 5575.593 1 SCAFFOLD302 1599.441 -1 -5.59 21.6902 
SCAFFOLD82 5897.044 1 SCAFFOLD43 28037.362 1 -0.311 21.4608 
SCAFFOLD533 1080.224 1 SCAFFOLD27 4154.534 -1 5.276 21.2813 
SCAFFOLD246 13977.981 1 SCAFFOLD112 34485.537 -1 -3.432 19.0796 
SCAFFOLD392 875.318 1 SCAFFOLD289 1425.336 -1 6.962 18.2247 
SCAFFOLD142 7148.482 1 SCAFFOLD59 5549.968 1 -0.24 18.0723 
SCAFFOLD7 40570.24 -1 SCAFFOLD199 16436.955 1 10.033 17.6323 
SCAFFOLD233 3346.963 1 SCAFFOLD147 30048.452 -1 3.123 17.3518 
SCAFFOLD377 1560.501 1 SCAFFOLD233 3346.963 1 7.023 16.3624 
SCAFFOLD455 3872.703 1 SCAFFOLD85 5575.593 1 -3.332 16.165 
SCAFFOLD872 333.932 1 SCAFFOLD243 2305.143 1 82.932 16.098 
SCAFFOLD350 999.02 -1 SCAFFOLD142 7148.482 1 236.727 16.0549 
SCAFFOLD197 9499.216 1 SCAFFOLD12 2823.635 1 -6.936 15.8702 
SCAFFOLD569 387.885 -1 SCAFFOLD119 1305.15 1 5.536 15.3893 
SCAFFOLD434 1008.885 1 SCAFFOLD423 472.166 -1 16.713 15.3473 
SCAFFOLD153 18967.221 1 SCAFFOLD353 2639.995 1 29.897 14.2316 
SCAFFOLD161 943.876 1 SCAFFOLD87 12817.817 -1 147.087 14.2259 
SCAFFOLD98 48842.997 1 SCAFFOLD235 10164.153 1 6.502 13.9087 
SCAFFOLD232 242.678 1 SCAFFOLD218 444.904 1 0.834 13.8088 
SCAFFOLD296 792.382 1 SCAFFOLD35 1500.96 1 37.211 13.7568 
SCAFFOLD54 14806.717 1 SCAFFOLD214 5135 1 4.606 13.3133 
SCAFFOLD502 381.379 1 SCAFFOLD222 4068.33 -1 11.1 12.7174 
SCAFFOLD100 6592.548 1 SCAFFOLD359 2048.679 -1 27.867 12.3654 
SCAFFOLD49 36078.134 -1 SCAFFOLD100 6592.548 1 0.002 12.3407 
SCAFFOLD243 2305.143 1 SCAFFOLD940 551.059 1 8.69 12.3289 
SCAFFOLD146 6416.747 1 SCAFFOLD40 20409.372 1 4.306 11.054 
SCAFFOLD350 999.02 1 SCAFFOLD570 524.193 -1 51.022 10.734 
SCAFFOLD39 8825.901 -1 SCAFFOLD104 7398.895 1 -11.052 10.6812 
SCAFFOLD306 1232.982 1 SCAFFOLD99 3038.256 -1 -6.299 10.29 
SCAFFOLD42 6341.468 1 SCAFFOLD263 2671.43 1 52.694 10.0097 
SCAFFOLD638 678.726 1 SCAFFOLD79 778.308 1 116.653 9.9301 
SCAFFOLD86 16308.764 1 SCAFFOLD16 19543.299 -1 -1.287 9.8459 
SCAFFOLD170 3210.067 1 SCAFFOLD306 1232.982 1 254.75 9.683 
SCAFFOLD120 19315.79 1 SCAFFOLD38 81906.269 1 5.027 9.6118 
SCAFFOLD649 661.586 1 SCAFFOLD570 524.193 1 576.918 9.3685 
SCAFFOLD392 875.318 -1 SCAFFOLD169 5101.962 1 19.408 9.1531 
SCAFFOLD178 423.463 1 SCAFFOLD28 12121.666 -1 67.343 9.12 
SCAFFOLD364 2266.538 1 SCAFFOLD74 3948.894 1 4.863 9.0136 
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Additionally, I generated two types of long reads for KOREF_S: PacBio SMRT (~31.1 Gb, ~10-fold 
coverage; Fig. 7 and Table 11) and Illumina TruSeq Synthetic Long Reads (TSLR, ~16.3 Gb, ~5.3-
fold coverage; Fig. 8 and Table 12).  
 
Figure 7. Length distribution of PacBio RSII DNA sequence reads. (a) PacBio RSII P4C2. (b) 
PacBio RSII P5C3. 
 
Table 11. PacBio RSII long reads statistics 
a. PacBio P4C2 
Size Number of bases (bp) Number of reads Mean length (bp) 
~2kb     2,200,375,125            2,023,326            1,088  
~3kb     2,598,138,881            1,054,927            2,463  
~4kb     2,253,729,183              650,819            3,463  
~5kb     1,993,913,569              445,503            4,476  
~6kb     1,868,335,867              341,037            5,478  
~7kb     1,692,679,373              261,244            6,479  
~8kb     1,490,151,540              199,293            7,477  
~9kb     1,264,147,938              149,166            8,475  
~10kb     1,025,254,470              108,261            9,470  
10kb~      2,404,653,532              202,921           11,850  
Total    18,791,379,478            5,436,497            3,457  
 
b. PacBio P5C3 
Size Number of bases (bp) Number of reads Mean length (bp) 
~2kb        376,691,922              352,650              1,068  
~3kb        448,189,058              179,744              2,493  
~4kb        581,090,138              166,158              3,497  
~5kb        707,030,086              157,272              4,496  
~6kb        815,006,427              148,315              5,495  
~7kb        905,881,157              139,481              6,495  
~8kb        978,965,060              130,607              7,496  
~9kb     1,063,290,046              125,158              8,496  
~10kb     1,084,089,752              114,232              9,490  
10kb~      5,347,185,274              406,019            13,170  
Total    12,307,418,920            1,919,636              6,411  
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Figure 8. Length distribution of Illumina TruSeq synthetic long reads 
 
Table 12. Illumina TruSeq synthetic long reads statistics 
Size Number of bases (bp) Number of reads Mean length (bp) 
~2kb     1,745,885,089            1,627,362            1,073  
~3kb     1,227,839,348              498,112             2,465  
~4kb     1,200,052,670              345,449             3,474  
~5kb     1,170,624,980              261,313             4,480  
~6kb     1,141,935,546              208,259             5,483  
~7kb     1,132,652,780              174,578             6,488  
~8kb     1,358,992,691              181,044             7,506  
~9kb     2,532,232,743              294,819             8,589  
~10kb     2,879,791,577              304,656             9,453  
10kb~      1,910,098,184              181,128            10,546  




Both types were used simultaneously, resulting in a decrease number of gaps from 1.75 % to 1.06 % 
of the expected genome size and a small increase in the final scaffold N50 length from 25.93 Mb to 
26.08 Mb (Table 7). I suspect that the low quantity of long reads (only 1.2 % of read numbers 
compared to mate-pairs) is one reason for the small increase in the scaffold length (Table 13). Also, it 
was possible that the continuity information of the long reads were overlapping with those of next-
generation sequencing (NGS) mate-pair sequences (various insert sizes to ~20 Kb). 
Table 13. The number of sequence reads for scaffolding 
 
Mate-pairs 
(read depth: ~20×) 
PacBio reads 
(read depth: ~10×) 
TSLRs 
(read depth: ~5.3×) 
The number of read information  
that can be used for scaffolding 
952,677,682 7,356,133 4,076,720 
The ratio to mate-pair number 100 % 0.77 % 0.43 % 
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 Scaffolds usually contain misassembles14,16. I carefully and systematically assessed the 
quality of KOREF_S by generating nanochannel-based genome mapping data (~145 Gb of single-
molecule maps; Fig. 9). I assembled the mapping data into 2.8 Gb of genome maps having an N50 
length of 1.12 Mb (Table 14). 
 
Figure 9. Length distribution of BioNano single molecule maps 
 
Table 14. BioNano genome mapping data statistics 
  BioNano single molecules BioNano consensus maps 
Total data 210 Gb - 
Single molecule N50 273 Kb - 
Molecules above 150Kb 145 Gb - 
Coverage depth 45 × - 
Assembly size - 2.78 Gb 
Consensus map N50 - 1.12 Mb 
 
A total of 93.1 % of KOREF_S scaffold regions (≥ 10 Kb) were covered by these genome maps, 
confirming their continuity (Fig. 10). To pinpoint misassembles of KOREF_S scaffolds, I manually 
checked all the alignment results of the genome maps (3,216 cases with align confidence ≥ 20) onto 
KOREF_S and GRCh38. Seven misassembled regions were detected in KOREF_S and were split for 
correction (Fig. 10). Next, my colleagues and I conducted a whole genome alignment of KOREF_S 
and GRCh38 to detect possible inter- or intra-chromosomal translocations (indicative of 
misassembled sequences; Fig. 11a). A total of 280 of the KOREF_S scaffolds (≥ 10 Kb) covered 93.5 % 
of GRCh38’s chromosomal sequences (non-gaps). I found no large scale inter- or intra-chromosomal 
translocations. Additionally, as a fine-scale assessment, I aligned the short and long read sequence 
data to the KOREF_S scaffolds (self-to-self alignment). A total of 98.69 % of the scaffold sequences 
(≥ 2 Kb) were covered by equal or more than 20-fold (Table 15). My colleagues and I assigned 
KOREF_S’s scaffolds to chromosomes using whole genome alignment information (chromosomal 
location and ordering information of scaffolds on GRCh38 chromosomes), to obtain KOREF_S 
chromosome sequences (~3.12 Gb of total length; Table 7 and Fig. 11b).  
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Figure 10. Assessment of scaffold assembly using BioNano genome mapping data. (a) Overall 
view of BioNano consensus maps compared to KOREF_S assembly. Green bars indicate KOREF_S 
scaffolds, and blue ones are assembled BioNano genome maps. (b) The longest KOREF_S scaffold 
(~101 Mb) confirmed by BioNano consensus maps. (c) An example of potentially misassembled 




Figure 11. Whole genome alignment results between the human reference and KOREFs. (a) 
Whole genome alignments between GRCh38 and KOREF_S scaffolds. Gray bars are GRCh38 
chromosomes, and black bars are KOREF_S scaffolds. (b) Whole genome alignments between 
GRCh38 and chromosome version of KOREF. Gray bars are GRCh38 chromosomes, and other color 




Table 15. Assessment of genome coverage based on the alignment of sequence reads 
 
≥ 10-depth ≥ 20-depth ≥ 30-depth 
Percentage of  
covered regions 
(≥ 2Kb, without gaps) 
98.94% 98.69% 98.46% 
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3.3 KOREF_C construction and genome annotation 
Recently, Dewey et al. demonstrated much improved genotype accuracy for disease-associated variant 
loci using major allele reference sequences5, which were built by substituting the ethnicity specific 
major allele (single base substitutions from the 1KGP) in the low-coverage European, African, and 
East-Asian reference genomes. I followed the same approach for KOREF_S by substituting sequences 
with both SNVs and small insertions or deletions (indels) that were commonly found in the 40 Korean 
PGP high-depth (average 31-fold mapped reads) whole genomes. This removed individual specific 
biases, and thus better represents common variants in the Korean population as a consensus reference 
(KOREF_C; Table 16).  
Table 16. Mapping and variants statistics of 40 Korean whole genomes aligned to KOREF_S 
Sample ID 




















KPGP-00002 98,317,515,960 27.64 99.29 962,066 146,462 2,958,707 292,082 4,359,317 
KPGP-00006 93,448,081,980 24.73 99.28 1,431,527 204,234 2,915,971 276,219 4,827,951 
KPGP-00032 112,190,946,660 30.36 99.29 1,444,163 215,475 2,955,815 296,145 4,911,598 
KPGP-00033 108,196,466,760 29.95 99.30 1,406,058 211,651 2,961,708 297,035 4,876,452 
KPGP-00039 101,141,448,400 30.19 99.16 1,391,102 212,028 2,991,047 315,678 4,909,855 
KPGP-00056 111,361,334,200 32.24 99.34 1,419,373 230,317 3,100,438 340,429 5,090,557 
KPGP-00086 102,626,322,600 29.88 99.34 1,423,097 228,216 3,074,640 335,156 5,061,109 
KPGP-00125 118,670,365,980 33.12 99.31 1,438,747 211,687 2,932,733 291,074 4,874,241 
KPGP-00127 118,883,354,760 32.81 99.33 1,416,527 206,959 2,948,523 288,104 4,860,113 
KPGP-00128 117,849,278,700 32.76 99.29 1,407,530 208,532 2,941,634 292,805 4,850,501 
KPGP-00129 107,124,150,780 29.96 99.28 1,440,746 203,979 2,908,731 271,108 4,824,564 
KPGP-00131 120,142,829,340 33.36 99.29 1,432,319 211,261 2,970,372 289,604 4,903,556 
KPGP-00132 122,237,363,160 33.93 99.30 1,411,276 210,946 2,946,694 297,988 4,866,904 
KPGP-00134 119,540,641,320 32.54 99.28 1,416,157 207,904 2,931,855 288,305 4,844,221 
KPGP-00136 114,984,689,940 30.71 99.30 1,429,777 204,804 2,940,492 274,170 4,849,243 
KPGP-00137 118,027,255,140 32.97 99.28 1,403,331 207,581 2,940,643 289,256 4,840,811 
KPGP-00138 123,868,546,380 33.39 99.32 1,398,902 207,327 2,938,964 289,045 4,834,238 
KPGP-00139 105,730,760,700 29.32 99.28 1,397,287 207,216 2,918,240 291,707 4,814,450 
KPGP-00141 111,508,577,820 31.41 99.24 1,405,400 207,892 2,926,108 288,957 4,828,357 
KPGP-00142 125,024,326,200 32.62 99.29 1,443,241 211,075 2,943,175 292,818 4,890,309 
KPGP-00144 127,001,127,600 33.96 99.30 1,422,369 211,512 2,973,541 296,396 4,903,818 
KPGP-00145 111,861,808,380 31.18 99.29 1,438,003 210,730 2,953,375 293,052 4,895,160 
KPGP-00205-B01-G 123,835,438,866 37.24 98.41 1,422,423 221,835 3,072,207 332,313 5,048,778 
KPGP-00220 106,317,727,560 28.21 99.28 1,411,132 201,485 2,931,702 284,397 4,828,716 
KPGP-00227 115,164,844,920 34.39 99.30 1,419,518 217,159 3,039,274 308,248 4,984,199 
KPGP-00228 112,898,405,520 33.34 99.30 1,455,818 221,343 3,052,488 303,008 5,032,657 
KPGP-00230 110,458,697,940 32.86 99.31 1,414,415 214,448 3,031,789 301,182 4,961,834 
KPGP-00232 109,620,112,860 32.01 99.29 1,442,223 214,897 3,020,544 292,548 4,970,212 
KPGP-00233 107,091,428,940 32.08 99.27 1,421,451 216,917 3,014,334 302,473 4,955,175 
KPGP-00235 114,400,539,900 34.74 99.31 1,414,391 218,911 3,047,216 309,518 4,990,036 
KPGP-00245-B01-G-
PE500 
102,078,086,860 31.40 99.11 1,465,527 223,235 3,031,190 322,301 5,042,253 
KPGP-00254 122,277,928,000 34.56 99.24 1,427,301 221,720 3,080,569 313,709 5,043,299 
KPGP-00255 102,221,657,600 29.67 99.34 1,414,140 227,857 3,083,228 336,527 5,061,752 
KPGP-00256 127,033,362,000 36.61 99.35 1,422,753 235,874 3,174,628 355,538 5,188,793 
KPGP-00265-B01-G-
P500 
90,922,729,400 27.53 99.29 1,414,977 216,811 2,964,359 306,126 4,902,273 
KPGP-00266-B01-G-
P500 
91,666,078,800 27.38 99.32 1,374,215 212,665 2,962,424 307,516 4,856,820 
KPGP-00269-B01-G-
PE500 
100,240,975,874 30.81 99.32 1,449,250 219,822 3,052,622 324,886 5,046,580 
KPGP-00317-B01-G-
PE500 
103,075,371,660 26.76 87.15 1,400,454 208,300 3,002,602 306,055 4,917,411 
KPGP-00318-B01-G-
PE500 
101,805,865,370 28.22 95.42 1,440,304 218,383 2,971,844 319,451 4,949,982 
KPGP-00319-B01-G-
PE500 
100,957,938,100 27.77 97.17 1,403,626 213,564 3,063,114 315,785 4,996,089 
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Roughly two million variants (1,951,986 SNVs and 219,728 indels), commonly found in the 40 high 
quality short read Korean genome data, were integrated. Additionally, KOREF_S’s mitochondrial 
DNA (mtDNA) was independently sequenced and assembled, resulting in a 16,570bp mitogenome 
that was similar, in structure, to that of GRCh38. A total of 34 positions of KOREF_S mtDNA were 
different from that of GRCh38 (Table 17). KOREF_S’s mtDNA could be assigned to the D4e 
haplogroup that is common in East-Asians, whereas GRCh38 mtDNA belongs to European 
haplogroup H.  
Table 17. Variations found in KOREF_S mtDNA compared to GRCh38 mtDNA 
Position Ref Alt Gene Variant type Amino acid Change dbSNP143 
73 A G TRNF Upstream variant - rs3087742 
263 A G TRNF Upstream variant - rs2853515 
310 T CTC TRNF Upstream variant - rs66492218 
489 T C TRNF Upstream variant - rs28625645 
750 A G RNR1 Noncoding variant - rs2853518 
1438 A G RNR1 Noncoding variant - rs2001030 
2706 A G RNR2 Noncoding variant - rs2854128 
3010 G A RNR2 Noncoding variant - rs3928306 
3107 N - RNR2 Noncoding variant - - 
4769 A G ND2 Synonymous variant - rs3021086 
4883 C T ND2 Synonymous variant - rs200763872 
5178 C A ND2 Missense variant Met237Leu rs28357984 
7028 C T COX1 Synonymous variant - rs2015062 
8414 C T ATP8 Missense variant Leu17Phe rs28358884 
8701 A G ATP6 Missense variant Thr58Ala rs2000975 
8860 A G ATP6 Missense variant Thr112Ala rs2001031 
9010 G A ATP6 Missense variant Ala162Thr - 
9540 T C COX3 Synonymous variant - rs2248727 
10398 A G ND3 Missense variant Thr114Ala rs2853826 
10400 C T ND3 Synonymous variant - rs28358278 
10873 T C ND4 Synonymous variant - rs2857284 
11215 C T ND4 Synonymous variant - rs386419997 
11719 G A ND4 Synonymous variant - - 
12705 C T ND5 Synonymous variant - - 
14668 C T ND6 Synonymous variant - rs28357678 
14766 C T CYTB Missense variant Thr7Ile rs527236041 
14783 T C CYTB Synonymous variant - rs527236042 
15043 G A CYTB Synonymous variant - rs527236043 
15148 G A CYTB Synonymous variant - rs527236206 
15184 T C CYTB Synonymous variant - - 
15301 G A CYTB Synonymous variant - rs527236045 
15326 A G CYTB Missense variant Thr194Ala rs2853508 
16223 C T CYTB Downstream variant - rs2853513 
16362 T C CYTB Downstream variant - rs62581341 
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KOREF_C GC content and distribution were similar to other human assemblies except the 
African assembly, which has the lowest quality among them (Fig. 12). My colleagues and I annotated 
KOREF_C for repetitive elements by integrating de novo prediction and homology-based alignments. 
Repetitive elements occupied 1.51 Gb (47.13 %) of KOREF_C (Table 18), which is slightly less than 
found in GRCh38 (1.59 Gb). On the other hand, KOREF_C contained more repeats than the 
Mongolian genome (1.36 Gb), which was assembled by NGS short reads only. I predicted 20,400 
protein coding genes for KOREF_C (Table 19). By comparing KOREF_C with other human 
assemblies (GRCh38, CHM1_1.1, HuRef, African, Mongolian, and YH), a total of 875.8 Kb 
KOREF_C sequences (≥100bp of fragments) were defined as novel (Table 20). 
 
Figure 12. GC content distributions in the human genome assemblies. The x-axis is GC content, 
and the y-axis is the proportion of the bin count with the specified GC content. 
 
 
Table 18. KOREF_C repeat annotation 
  










DNA 106,469,686  3 %     24,415,664  1 % 108,618,651  3 % 
LINE 610,159,517  19 %    536,712,478  17 % 745,903,228  23 % 
SINE 390,299,729  12 %    254,443,404  8 % 425,991,881  13 % 
LTR 267,766,723  8 %    112,840,399  4 % 270,236,817  8 % 
Unknown 837,329  0 %     17,216,396  1 % 18,050,168  1 % 
Total 1,450,469,642  45 %    994,936,953  31 % 1,513,511,651  47 % 
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Table 19. KOREF_C protein-coding gene prediction 

















Homology (Human) 18,564 51,797.23 1,701.15 9.80 173.59 5,847.84 
de novo 18,988 51,291.92 1,485.38 9.16 162.07 6,099.12 
mtDNA 13 876.54 876.54 1.00 876.54 - 




Table 20. KOREF_C-specific novel sequence identification 








Mapped reads (out of 
unmapped reads to  
other human assemblies)  
to KOREF_C assembly 
Total length of novel 
sequences (bp; the 
regions with length 
≥100bp and covered by at 
least three reads) 
GRCh38 - 4,087,416 
1,340,733 4,676,384 
Microbial sequences 2,485,935 1,601,481 
CHM1_1.1 261,251 1,340,230 1,080,569 4,012,692 
HuRef 900,070 440,160 182,060 1,305,352 
African 74,658 365,502 108,958 1,024,687 
Mongolian 40,008 325,494 69,725 890,472 
YH 3,705 321,789 67,385 875,820 
 
b. Length distribution of KOREF_C novel sequences 
Length Number of fragments (≥100bp) 
100 – 500bp 2,531 
501 – 1,000bp 240 
1,001 – 5,000bp 89 
5,001bp – 10 Kb 1 
Above 10 Kb 1 
Total length of novel sequences (bp) 875,820 
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3.4 KOREF_C compared with other human genomes 
I assessed the quality of ten human genome assemblies (CHM1_PacBio_r2, CHM1_1.1, 
NA12878_single, NA12878_Allpaths, HuRef, Mongolian, YH_2.0, African, KOREF_C, and another 
Korean single individual assembly AK162) by comparing assembly statistics, and the recovery rates 
for GRCh38 genome, segmentally-duplicated regions, and repetitive sequences (Tables 21–24).  
Table 21. Systematic comparison of assembly quality. Major sequencing and mapping data used in 
the assembly are marked by superscript letters: NGS short reads, S; long reads, L; genome maps, M; 
















































































































































Table 22. Global assembly statistics of human assemblies. Major sequencing and mapping data 
used in the assembly are marked by superscript letters: NGS short reads, S; long reads, L; genome 
maps, M; indexed BAC end sequences, B; chain-terminating Sanger sequences; C. 






Assembly level Chromosome Chromosome Scaffold Contig Chromosome Scaffold 
Total sequence length 3,209,286,105 3,211,075,818 2,904,207,228 2,996,426,293 3,037,866,619 3,176,574,379 
Total assembly gap length 159,970,007 297,934,127 37,339,479 0 210,229,812 146,352,286 
Gaps between scaffolds 349 4,495 0 - 225 0 
Number of scaffolds 735 4,481 2,832 - 163 18,903 
Scaffold N50 67,794,873 26,457,717 44,846,623 - 50,362,920 26,834,081 
Scaffold L50 16 35 21 - 20 37 
Number of contigs 1,385 198,871 3,096 3,641 40,828 21,235 
Contig N50 56,413,054 47,858 18,080,262 26,899,841 143,936 1,557,716 
Contig L50 19 17,749 46 30 5,635 532 
Total number of  
chromosomes and plasmids 





HuRefC MongolianS YH_2.0S AfricanS 
Assembly level Scaffold Chromosome Scaffold Scaffold Scaffold 
Total sequence length 2,786,258,565 2,844,000,504 2,881,945,563 2,911,235,363 2,676,008,911 
Total assembly gap length 171,353,127 34,429,377 58,452,127 105,204,230 592,227,090 
Gaps between scaffolds 0 1,396 0 0 0 
Number of scaffolds 11,393 4,530 221,013 125,643 314,786 
Scaffold N50 12,084,118 17,664,250 7,632,466 20,520,932 62,478 
Scaffold L50 67 48 111 39 11,689 
Number of contigs 231,194 71,333 321,009 361,157 5,313,377 
Contig N50 23,924 108,431 56,244 20,516 887 
Contig L50 30,971 7,164 14,915 40,005 642,142 
Total number of  
chromosomes and plasmids 
0 24 0 0 0 
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Table 23. GRCh38 genome recovery rates of human assemblies. Whole genome alignment 
approach was used to calculate GRCh38 genome recovery rates of human assemblies. Major 
sequencing and mapping data used in the assembly are marked by superscript letters: NGS short reads, 

























KOREF_S_scaffoldS,L,M 3,209,286,105 2,944,499,428 2,956,077,148 92.11 2,839,274,905 88.47 
KOREF_S_contigS,L,M 3,209,286,105 2,913,213,215 2,944,669,829 91.75 2,755,264,778 85.85 
AK1L,M 3,209,286,105 2,904,207,228 2,960,869,067 92.26 2,821,038,382 87.90 
CHM1_PacBio_r2L 3,209,286,105 2,996,426,293 2,968,736,981 92.50 2,824,727,975 88.02 
NA12878_singleL,M 3,209,286,105 3,176,574,379 2,948,546,881 91.88 2,832,488,088 88.26 
NA12878_AllpathsS 3,209,286,105 2,786,258,565 2,753,492,425 85.80 2,660,094,223 82.89 
HuRef_contigC 3,209,286,105 2,809,571,127 2,942,411,659 91.68 2,755,302,479 85.85 
MongolianS 3,209,286,105 2,881,945,563 2,916,062,756 90.86 2,777,307,567 86.54 
YH_2.0S 3,209,286,105 2,911,235,363 2,885,254,871 89.90 2,769,798,873 86.31 




Table 24. Predicted segmentally-duplicated and repetitive sequence regions in human assemblies. 
Homology search was used to identify segmentally-duplicated and repetitive regions. Major 
sequencing and mapping data used in the assembly are marked by superscript letters: NGS short reads, 
S; long reads, L; genome maps, M; indexed BAC end sequences, B; chain-terminating Sanger 
sequences; C. 
Assembly Assembly length SD length SD % Repeat length Repeat % 
GRCh38C 3,209,286,105 212,777,868  6.63 1,564,209,365 48.74 
CHM1_PacBio_r2L 2,996,426,293 205,559,250  6.86 1,541,211,387 51.43 
NA12878_singleL,M 3,176,574,379 168,652,649  5.31 1,545,168,387 48.64 
CHM1_1.1S,B 3,037,866,619 157,426,845  5.18 1,417,977,130 46.68 
KOREF_CS,L,M 3,211,075,818 149,353,191  4.65 1,452,404,484 45.23 
KOREF_S_scaffoldS 2,921,901,481 139,246,009  4.77 1,438,015,194 49.22 
AK1L,M 2,904,207,228 144,868,735 4.99 1,454,888,506 50.10 
HuRefC 2,844,000,504 134,317,812  4.72 1,411,487,301 49.63 
YH_2.0S 2,911,235,363 127,254,909  4.37 1,397,013,571 47.99 
MongolianS 2,881,945,563 121,384,034  4.21 1,399,420,366 48.56 
NA12878_AllpathsS 2,786,258,565 90,343,965  3.24 1,250,655,296 44.89 
AfricanS 2,676,008,911 55,830,170  2.09 968,988,149 36.21 
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The results showed that KOREF_C was more contiguous (26.46 Mb of N50) than any of the short-
read based de novo assemblies, but comparable to two long-read based assemblies (26.83 Mb of N50 
for NA12878_single; 26.90 Mb of N50 for CHM1_PacBio_r2); KOREF_C was hybrid-assembled by 
compiling heterogeneous sequencing and mapping technologies, however, a majority of KOREF_C 
sequences was derived from NGS short reads. However, KOREF_C’s contig size is small (47.86 Kb 
of N50 and 17,749 of L50; Table 22) compared to long-read based assemblies due to the low level of 
continuity information of short reads. KOREF_C showed a comparable GRCh38 recovery rate with 
other long-read assemblies (Tables 21 and 23). KOREF (KOREF_S scaffolds) recovered duplicated 
and repetitive regions more efficiently than other short-read based de novo assemblies. However, 
KOREF recovered duplicated and repetitive regions less than the two (CHM1_PacBio_r2 and 
NA12878_single) PacBio long-read assemblies (Table 24); importantly, KOREF recovered those 
regions more efficiently than the other Korean PacBio long-read based assembly, AK1. Notably, a 
higher sequencing depth long-read assembly, CHM1_PacBio_r2, recovered the most segmentally-
duplicated regions, almost as well as GRCh38, indicating that long read information is important to 
recover such challenging genomic regions. Also, structural polymorphisms between the two 
haplotypes in a donor is one of the most significant factors affecting the assembly quality15,63. 
Therefore, it was expected that CHM1_PacBio_r2, a haploid assembly, showed a superior genome 
recovery for segmentally-duplicated regions than other assemblies using a diploid source. 
Additionally, I compared the assembly quality by mapping the re-sequencing data of a single 
haplotype genome (CHM1) to the human assemblies (Fig. 13). Ideally, CHM1 should lack 
heterozygous variants, if the human assembly recovered the entire genome efficiently. 
CHM1_PacBio_r2 was the most accurate (having the lowest number of heterozygous variants) in 
resolving the entire human genome, and KOREF_C was the most accurate among the short-read 
based assemblies. These results confirm that short-reads based de novo assemblies have a reduced 
power to fully resolving the entire genome sequences accurately14.  
 
Figure 13. Numbers of heterozygous variants found in re-sequencing data from a single 
haplotype (CHM1) genome  
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I also conducted gene content assessments by comparing the number of detected RefSeq46 
protein-coding genes in each human assembly (Tables 21 and 25). The RefSeq genes were the best 
recovered in CHM1_1.1 (18,040), which was assembled using that reference as a guide. Among the 
de novo assembled genomes, KOREF_C showed the highest level of intact RefSeq gene recovery 
(17,758), even more than the two Caucasian long-read based assemblies (~17,657). Notably, the 
NA12878_single genome, which was hybrid assembled by combining single-molecule long reads 
with genome maps, had the lowest number (6,610) of intact protein-coding genes, even lower than the 
low quality African genome (9,167). I confirmed that NA12878_single had many frame-shifts in its 
coding regions. This can be explained by the higher error rates of PacBio single-molecule long reads, 
which could not be corrected by an error correction step due to its low sequencing depth (46× 
coverage)21,64. 
Table 25. Predicted protein-coding genes in human assemblies. Homology search was used to 
identify RefSeq protein-coding genes. Major sequencing and mapping data used in the assembly are 
marked by superscript letters: NGS short reads, S; long reads, L; genome maps, M; indexed BAC end 
sequences, B; chain-terminating Sanger sequences; C. 
# of genes 
in RefSeq 












05, Best hit 
only) 
# of gene models 
by Exonerate 
prediction  
(at least 50% of 
the maximal score 
obtainable for 
query) 
# of detected 





AfricanS 19,924 12,282 9,167 
CHM1_1.1S,B 20,167 19,848 18,040 
CHM1_PacBio_r2L 20,176 19,888 17,657 
HuRefC 20,165 19,578 16,968 
KOREF_CS,L,M 20,181 19,748 17,758 
KOREF_S_scaffoldS 20,179 19,719 17,750 
MongolianS 20,174 19,458 17,189 
NA12878_AllpathsS 20,117 18,978 16,995 
NA12878_singleL,M 20,119 19,482 6,610 
YH_2.0S 20,161 19,241 17,125 
AK1L,M - - 17,759 
  
33 
3.5 Structural variation comparison 
My colleagues and I investigated SVs, such as large insertions, deletions, and inversions, in the eight 
human assemblies by comparing to GRCh38 (since there were no paired-end read data, HuRef was 
not used in this analysis; AK1 was also not used, as it was not published at that time when the analysis 
was performed). The analysis showed that the assembly quality is determined primarily by sequencing 
platform (i.e., sequence read lengths), and therefore, I had to consider that mis-assemblies could 
generate erroneous SVs. Two Caucasian samples (CHM1 and NA12878) were assembled using short-
read sequences as well as long reads, and therefore, allow an examination of the association between 
the assembly quality and SV identification. The CHM1 sample’s ethnicity was confirmed to be 
Caucasian using ancestry-sensitive DNA markers in autosomes65 and mitochondrial DNA sequences 
(Fig. 14). SVs that could have been derived from possible misassembles were filtered out by 
comparing the ratio of aligned single-end reads to paired-end reads (S/P ratio) as previously 
suggested57 (see Methods).  
 
Figure 14. CHM1 ethnicity confirmation. (a) STRUCTURE analysis using 47 ancestry-sensitive 
DNA markers in autosomes. For K=3, CHM1 is grouped together with Europeans. (b) Mitochondrial 
DNA (mtDNA) sequence comparison. The mtDNA sequences were generated by mapping CHM1’s 
Illumina short reads into GRCh38 mtDNA sequences and building consensus sequences. 
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A total of 6,397 insertions (> 50bp), 3,399 deletions (> 50bp), and 42 inversions were found 
in KOREF_C compared to GRCh38, making up 9,838 total SVs. This is slightly fewer than those 
found in the Mongolian (12,830 SVs) and African (10,772 SVs) assemblies, but greater than those 
found in CHM1 and NA12878 assemblies (~5,179 SVs; Tables 26–28).  
Table 26. Summary of structural variations in eight human assemblies compared to GRCh38. 
Major sequencing and mapping data used in the assembly are marked by superscript letters: 


















































































































Table 27. Structural variations found in human assemblies compared to GRCh38. Major 
sequencing and mapping data used in the assembly are marked by superscript letters: NGS short reads, 
S; long reads, L; genome maps, M; indexed BAC end sequences, B. 
Assembly Types Insertion Deletion Inversion Total 
KOREF_CS,L,M 
No. of Confident SVs 6,397 3,399 42 9,838 
Minimum (bp) 51 51 45 - 
Maximum (bp) 37,813 36,793 44,546 - 
MongolianS 
No. of Confident SVs 6,904 5,386 540 12,830 
Minimum (bp) 51 51 90 - 
Maximum (bp) 44,580 44,577 22,225 - 
YH_2.0S 
No. of Confident SVs 3,896 1,077 54 5,027 
Minimum (bp) 51 51 53 - 
Maximum (bp) 37,683 43,540 39,965 - 
CHM1_PacBio_r2L 
No. of Confident SVs 2,969 433 52 3,454 
Minimum (bp) 51 51 14 - 
Maximum (bp) 37,524 24,278 50,943 - 
CHM1_1.1S,B 
No. of Confident SVs 2,415 1,477 34 3,926 
Minimum (bp) 51 51 44 - 
Maximum (bp) 35,612 18,511 16,592 - 
NA12878_singleL,M 
No. of Confident SVs 3,896 914 49 4,859 
Minimum (bp) 51 51 23 - 
Maximum (bp) 43,701 16,093 20,342 - 
NA12878_AllpathsS 
No. of Confident SVs 4,012 1,097 70 5,179 
Minimum (bp) 51 51 53 - 
Maximum (bp) 40,018 7,860 46,762 - 
AfricanS 
No. of Confident SVs 7,991 2,673 108 10,772 
Minimum (bp) 51 51 12 - 




Table 28. Structural variations found in genic regions. Major sequencing and mapping data used in 
the assembly are marked by superscript letters: NGS short reads, S; long reads, L; genome maps, M; 
indexed BAC end sequences, B. 











CDS 403 559 122 134 173 149 192 288 
UTR 193 277 60 48 92 70 105 115 
Intron 2,958 3,388 783 884 1,444 1,184 1,261 1,629 
Gene 
(Total) 
2,985 3,427 792 899 1,466 1,205 1,281 1,650 
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Notably, YH_2.0 (5,027 SVs) had a similar number of SVs compared to those found in the Caucasian 
assemblies, than other Asian assemblies. The length distribution of SVs found in these assemblies 
showed a similar pattern (Figs. 15 and 16), with a peak at the 200-400bp size range, due to Alu 
element insertions and deletions15,57.  
 
Figure 15. Length distributions of KOREF_C structural variations compared to GRCh38. (a) 
Structural variation lengths range from 50bp to 2 Kb. (b) Structural variation lengths range from 1 Kb 
to 10 Kb. 
 
 
Figure 16. Length distributions of structural variations found in human assemblies compared to 
GRCh38  
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The fractions of SVs in repeat regions were higher in the short-read based assemblies (69.6~81.9 %) 
than long-read assemblies (67.7~68.7 %; Tables 26 and 29). On the other hand, the fractions of SVs in 
the segmentally-duplicated regions were much higher in the long-read assemblies (21.4~29.0 %) than 
short-read assemblies (3.9~12.6 %; Tables 26 and 30). 
Table 29. Structural variations in repetitive regions. Major sequencing and mapping data used in 
the assembly are marked by superscript letters: NGS short reads, S; long reads, L; genome maps, M; 
indexed BAC end sequences, B. 
Assembly Total SVs SVs in repeats SVs in non-repeats 
The percentage of 
SVs in repeats 
KOREF_CS,L,M 9,838 6,992 2,846 71.1 
MongolianS 12,830 8,929 3,901 69.6 
YH_2.0S 5,027 4,119 908 81.9 
CHM1_PacBio_r2L 3,454 2,340 1,114 67.7 
CHM1_1.1S,B 3,926 2,848 1,078 72.5 
NA12878_singleL,M 4,859 3,339 1,520 68.7 
NA12878_AllpathsS 5,179 4,014 1,165 77.5 
AfricanS 10,772 8,362 2,410 77.6 
 
 
Table 30. Structural variations in segmentally-duplicated regions. Major sequencing and mapping 
data used in the assembly are marked by superscript letters: NGS short reads, S; long reads, L; 




SVs in segmental 
duplicated regions 
SVs not in segmental 
duplicated regions 
The percentage of SVs 
in segmental duplicated 
regions 
KOREF_CS,L,M 9,838 912 8,926 9.3 
MongolianS 12,830 1,242 11,588 9.7 
YH_2.0S 5,027 633 4,394 12.6 
CHM1_PacBio_r2L 3,454 1,002 2,452 29.0 
CHM1_1.1S,B 3,926 394 3,532 10.0 
NA12878_singleL 4,859 1,041 3,818 21.4 
NA12878_AllpathsS 5,179 378 4,801 7.3 
AfricanS 10,772 425 10,347 3.9 
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 Of the KOREF_C SVs, 93.8 % of insertions and 70.4 % of deletions were not found in 
public SV databases and hence defined as novel (Tables 26 and 31, Fig. 15, and Methods). The 
fraction of novel SVs in KOREF_C was similar to those found in other human assemblies but smaller 
than other short-read only de novo assemblies. Regardless of sequencing platform, all assemblies 
showed a greater fractions of novel SVs than those found by mapping CHM1’s PacBio SMRT reads to 
the human reference genome (here termed CHM1_mapping)15. Notably, CHM1_PacBio_r2, which 
was assembled using the same sample’s PacBio long reads, also showed a much higher fraction of 
novel SVs.  
Table 31. Novel structural variations found in the human assemblies. Major sequencing and 
mapping data used in the assembly are marked by superscript letters: NGS short reads, S; long reads, 





















CHM1 PacBio read 
mapping approach 
10,978 10,029 949 91.4 7,071 3,164 3,907 44.7 
KOREF_CS,L,M 6,397 5,999 398 93.8 3,399 2,393 1,006 70.4 
MongolianS 6,904 6,500 404 94.1 5,386 4,275 1,111 79.4 
YH_2.0S 3,896 3,806 90 97.7 1,077 858 219 79.7 
CHM1_PacBio_r2L 2,969 2,802 167 94.4 433 328 105 75.8 
CHM1_1.1S,B 2,415 2,374 41 98.3 1,477 884 593 59.8 
NA12878_singleL,M 3,896 3,633 263 93.2 914 538 376 58.9 
NA12878_AllpathsS 4,012 3,897 115 97.1 1,097 752 345 68.6 




I found a correlation between N50 length of fragments and the fraction of novel SVs (R2 = 0.44; Fig. 
17). When I compared SVs of the human assemblies with the SVs by the CHM1_mapping, only small 
portions of SVs (~12.51 %) were shared (Tables 26 and 32). The shared portion of SVs (8.85 %) 
between the CHM1_PacBio_r2 and CHM1_mapping was small, and the shared portions of NA12878 
assemblies were quite different (NA12878_single: 8.32 %, NA12878_Allpaths: 5.27 %). There was a 
correlation between the assembly quality (N50 length) and shared portion (R2 = 0.71; Fig. 18). These 
results suggest that even for the same sample there was a large difference between the long-read 




Figure 17. The correlation between N50 length of fragments (scaffolds or contigs) and fraction 




Table 32. Structural variations shared with CHM1 PacBio read mapping results. Major 
sequencing and mapping data used in the assembly are marked by superscript letters: NGS short reads, 
S; long reads, L; genome maps, M; indexed BAC end sequences, B. 
Assembly 
Total SVs 
(only insertions or 
deletions) 
The number of shared SVs with 







% of shared 
SVs 
KOREF_CS,L,M 9,796 955 477 478 9.75 
MongolianS 12,290 834 362 472 6.79 
YH_2.0S 4,973 148 113 35 2.98 
CHM1_PacBio_r2L 3,402 301 258 43 8.85 
CHM1_1.1S,B 3,892 487 87 400 12.51 
NA12878_singleL,M 4,810 400 224 176 8.32 
NA12878_AllpathsS 5,109 269 137 132 5.27 




Figure 18. The correlation between N50 length of fragments and fraction of structural 
variations shared with the CHM1 PacBio read mapping method 
 
 
Human genomes contain population-specific sequences and population stratified copy number 
variable regions6,66. Therefore, I assumed that ethnically-relevant human assemblies should share 
similar genome structures. To investigate the genomic structure among human assemblies, I grouped 
SVs that were shared by the human assemblies (Fig. 19).  
 
Figure 19. Exclusively shared structural variations. Structural variations shared (reciprocally 50 % 
covered) by only denoted assemblies were considered in this figure. 
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Most SVs (above 61.6 %) were assembly specific (Table 33). When I consider SVs that were shared 
by only two assemblies, two Asian genomes (KOREF_C and Mongolian) shared the highest number 
of SVs (Fig. 20). However, YH_2.0 shared only small numbers of SVs with KOREF_C and 
Mongolian assemblies. Notably, YH_2.0 and African genomes shared SVs abundantly, which cannot 
be explained by my assumption that similar ethnic genomes should have a higher genome structure 
similarity. CHM1_PacBio_r2 and NA12878_single, which are Caucasian assemblies using PacBio 
long read sequences, shared more SVs than those between the same sample’s assemblies (NA12878 
assemblies and CHM1 assemblies). In cases of SVs shared by only three assemblies, African, 
NA12878_Allpaths, and YH_2.0 had the largest number of shared SVs, whereas the three Asian 
genomes had smaller numbers of shared SVs (Figs. 19 and 20). However, when SVs detected in the 
repetitive and segmentally-duplicated regions were excluded, the three Asian assemblies had the 
largest number of shared insertions, whereas African, NA12878_Allpaths, and YH_2.0 shared no 
insertions at all (Fig. 21). These results indicate that SV identification was critically affected by the 
sequencing platform and assembly quality. I therefore suggest that long-read sequencing methods are 
necessary to improve the assembly quality and SV identification for the better characterization of 
genome structural differences. 
Table 33. Assembly-specific structural variations. Major sequencing and mapping data used in the 
assembly are marked by superscript letters: NGS short reads, S; long reads, L; genome maps, M; 
indexed BAC end sequences, B. 
Assembly 
Total SVs 
(only insertions or 
deletions) 
The number of 
assembly specific 
SVs 
The number of shared 
SVs with other 
assemblies 
The percentage 
of the specific 
SVs 
KOREF_CS,L,M 9,796 6,691 3,105 68.3 
MongolianS 12,290 9,101 3,189 74.1 
YH_2.0S 4,973 3,063 1,910 61.6 
CHM1_PacBio_r2L 3,402 2,448 954 72.0 
CHM1_1.1S,B 3,892 2,800 1,092 71.9 
NA12878_singleL,M 4,810 3,492 1,318 72.6 
NA12878_AllpathsS 5,109 3,787 1,322 74.1 
AfricanS 10,664 8,935 1,729 83.8 
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b. Structural variations shared by only three assemblies 
 
Figure 20. Exclusively shared structural variations among human assembly sets. Structural 
variations shared (reciprocally 50 % covered) by only denoted assemblies (y-axis: assembly sets) were 
considered in this figure. KOREF indicates KOREF_C. (a) Structural variations shared by only two 
assemblies. (b) Structural variations shared by only three assemblies. Only cases with five or more 
shared structural variations are shown. 
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a. Exclusively shared insertions excluding repetitive and segmentally-duplicated regions 
 
 
b. Exclusively shared deletions excluding repetitive and segmentally-duplicated regions 
 
Figure 21. Exclusively shared structural variations excluding repetitive and segmentally-
duplicated regions. Structural variations shared by only three assemblies were considered in this 
figure (reciprocally 50 % covered). KOREF indicates KOREF_C. (a) Exclusively shared insertions. 
(b) Exclusively shared deletions.   
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Given these limitations, I continued to identify commonly-shared SVs by ethnic group. To do 
this, my colleagues and I checked S/P ratios for the SVs using the whole genome re-sequencing data 
from five Koreans, four East-Asians, four Caucasians, and one African, from the KPGP, 1KGP, 
Human Genome Diversity Project (HGDP)67, and the Pan-Asian Population Genomics Initiative 
(PAPGI). First, I found one SV that was shared by all human assemblies (Fig. 22). This SV was also 
commonly found in re-sequencing data (13 out of the 14 re-sequencing data).  
 
Figure 22. An example of structural variation that was shared by nine human assemblies. Gray 
regions denote structural differences shared among all the assemblies, and horizontal lines indicate 
homologous sequence regions. 
 
 
Out of the 110 SVs that were shared by the three Asian assemblies, 18 were frequently found in 
eleven Asian genomes (one Mongolian assembly, one Chinese assembly, and nine Asian re-
sequencing data) compared to ten non-Asian genomes (five non-Asian assemblies and five re-
sequencing data, P-value <0.05, Fisher’s exact test; Table 34). Although the SV analysis had 
limitations due to the heterogeneity of sequencing platform and assembly quality, these results may 
indicate that the genomic structure is more similar within the same ethnic group6,66, suggesting that 
ethnically-relevant reference genomes are necessary for efficiently performing large-scale 
comparative genomics.  
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by  short/ 
long read 
alignments 
chr20 Insertion 60764249  60764435  11 0 3 7 0.0010 - Confirm 
chr1 Insertion 75619372  75619500  5 6 0 10 0.023 - Undefinable 
chr1 Insertion 1565637  1565733  7 4 1 9 0.017 SSU72 Confirm 
chr5 Insertion 96535023  96535129  5 6 0 10 0.023 CAST Confirm 
chr9 Insertion 86053597  86053801  9 2 3 7 0.024 GOLM1 Confirm 
chr9 Insertion 4345943  4346583  10 1 3 7 0.0067 - Confirm 
chr6 Insertion 161000000  161000000  6 5 1 9 0.043 - Confirm 
chr11 Insertion 134000000  134000000  10 1 4 6 0.021 - Confirm 
chr4 Insertion 86343248  86343734  7 4 1 9 0.017 MAPK10 Confirm 






chr6 Insertion 169000000  169000000  7 4 0 10 0.0028 - Confirm 
chr6 Insertion 157000000  157000000  10 1 4 6 0.021 - Confirm 
chr11 Insertion 70951060  70951170  9 2 1 9 0.0016 SHANK2 Confirm 
chr20 Insertion 35564449  35564597  11 0 3 7 0.0010 - Confirm 
chr6 Insertion 40655117  40655181  11 0 5 5 0.012 - Confirm 
chr7 Deletion 117000000  117000000  11 0 2 8 0.00022 - Confirm 
chr6 Deletion 161000000  161000000  8 3 1 9 0.0058 - Confirm 




3.6 Variant comparison mapped to KOREFs 
Ethnicity-specific genomic sequences that are absent from the reference genome may be important for 
precise detection of genomic variations22. It is also known that the current human reference sequence 
contains both common and rare disease risk variants68, and the use of the current human reference for 
variant identification may complicate the detection of rare disease risk alleles5. Using re-sequencing 
data on five whole genomes from each population (Caucasian, African, East-Asian, and Korean), I 
compared the number of variants (SNVs and small indels) detected using KOREF_S, KOREF_C, 
GRCh38, and consensus Asian GRCh38 (GRCh38_C, the implementation of Dewey et al.’s Asian 
major allele reference5 but including small indels for this study; Tables 35 and 36).  































HGDP01286 Mandenka African 35.39 98.64 35.39 98.55 36.78 98.78 36.70 98.78 
HGDP00936 Yoruba African 37.93 98.71 37.93 98.60 39.49 98.86 39.40 98.86 
HGDP01036 San African 37.10 98.82 37.11 98.74 38.55 98.93 38.46 98.93 
HGDP00982 Mbuti African 35.63 98.45 35.65 98.36 35.71 98.56 37.00 98.56 
DNK07 Dinka African 33.66 85.50 33.66 84.25 35.01 85.86 34.94 85.86 
HGDP01076 Sardinia Caucasian 36.51 98.56 36.51 98.45 37.85 98.72 37.78 98.72 
HGDP00533 France Caucasian 40.05 98.46 40.04 98.35 41.44 98.64 41.35 98.64 
SRR622457 CEU Caucasian 65.36 99.82 65.37 99.78 67.19 99.84 67.12 99.84 
SRR622458 CEU Caucasian 58.88 99.36 58.88 99.32 60.94 99.40 60.83 99.40 
SRR622459 CEU Caucasian 58.02 99.45 58.04 99.40 60.06 99.46 59.98 99.46 
PAP-MGL0002 
-U01-G 
Mongolia Asian 27.81 99.85 27.81 99.82 28.62 99.98 28.57 99.99 
HGDP00775 China (Han) Asian 32.79 98.81 32.78 98.74 33.98 98.94 33.90 98.94 
HGDP01308 China (Dai) Asian 34.26 98.86 34.26 98.78 35.41 99.01 35.34 99.01 
PUB-JPN0003 
-U01-G 
Japan Asian 60.79 99.97 60.80 99.96 62.96 99.98 62.87 99.99 
PUB-JPN0005 
-U01-G 
Japan Asian 47.25 99.96 47.25 99.94 48.97 99.98 48.87 99.98 
KPGP-00120 Korea Asian 32.50 99.97 32.51 99.94 33.49 99.99 33.42 99.99 
KPGP-00121 Korea Asian 32.19 99.97 32.19 99.95 32.94 99.99 32.89 99.99 
KPGP-00122 Korea Asian 26.33 99.97 26.33 99.95 27.32 99.99 27.28 99.99 
KPGP-00124 Korea Asian 31.17 99.97 31.17 99.94 31.98 99.99 31.91 99.99 




Table 36. All variants compared to GRCh38, GRCh38_C, and KOREFs 
a. Variants compared to GRCh38 
Nation/tribe Ethnicity homozygous SNV homozygous INDEL heterozygous SNV heterozygous INDEL all variants 
Mandenka African 1,614,344 250,110 3,252,486 423,957 5,540,897 
Yoruba African 1,623,397 259,325 3,287,388 453,110 5,623,220 
San African 1,929,708 299,317 3,330,631 443,792 6,003,448 
Mbuti African 1,834,909 284,177 3,282,740 429,029 5,830,855 
Dinka African 1,640,520 254,011 3,153,108 410,603 5,458,242 
Sardinia Caucasian 1,560,599 253,087 2,507,882 337,472 4,659,040 
France Caucasian 1,512,052 244,518 2,550,429 344,208 4,651,207 
CEU Caucasian 1,495,963 243,410 2,643,275 437,506 4,820,154 
CEU Caucasian 1,517,099 245,221 2,586,786 385,858 4,734,964 
CEU Caucasian 1,483,765 237,393 2,630,607 394,254 4,746,019 
Mongolia Asian 1,602,333 232,843 2,479,567 344,493 4,659,236 
China (Han) Asian 1,650,342 254,437 2,401,103 293,025 4,598,907 
China (Dai) Asian 1,643,907 256,270 2,406,494 300,865 4,607,536 
Japan Asian 1,639,601 267,938 2,516,845 362,831 4,787,215 
Japan Asian 1,668,037 269,589 2,450,423 342,790 4,730,839 
Korea Asian 1,631,396 239,837 2,305,755 292,243 4,469,231 
Korea Asian 1,597,954 230,450 2,367,444 288,357 4,484,205 
Korea Asian 1,601,168 228,671 2,231,534 274,009 4,335,382 
Korea Asian 1,657,144 237,764 2,283,548 276,815 4,455,271 
Korea Asian 1,640,010 248,200 2,335,993 325,122 4,549,325 
 
 
b. Variants compared to GRCh38_C 
Nation/tribe Ethnicity homozygous SNV homozygous INDEL heterozygous SNV heterozygous INDEL all variants 
Mandenka African 1,211,982  243,431  3,305,587  414,358  5,175,358  
Yoruba African 1,231,018  252,663  3,345,092  443,006  5,271,779  
San African 1,516,945  292,609  3,389,637  435,794  5,634,985  
Mbuti African 1,423,658  277,114  3,336,610  420,853  5,458,235  
Dinka African 1,213,904  244,908  3,206,560  401,425  5,066,797  
Sardinia Caucasian 984,396  227,947  2,558,644  327,025  4,098,012  
France Caucasian 914,364  218,931  2,599,928  333,270  4,066,493  
CEU Caucasian 916,802  220,826  2,703,296  422,778  4,263,702  
CEU Caucasian 944,366  222,936  2,643,462  372,847  4,183,611  
CEU Caucasian 907,366  215,316  2,688,540  381,097  4,192,319  
Mongolia Asian 658,202  189,942  2,536,644  329,663  3,714,451  
China (Han) Asian 622,947  201,688  2,449,243  283,102  3,556,980  
China (Dai) Asian 622,883  203,148  2,454,664  290,356  3,571,051  
Japan Asian 624,433  214,155  2,571,845  349,498  3,759,931  
Japan Asian 651,368  215,298  2,503,848  330,550  3,701,064  
Korea Asian 621,435  189,908  2,353,181  280,468  3,444,992  
Korea Asian 581,684  181,304  2,415,107  276,944  3,455,039  
Korea Asian 585,745  178,753  2,280,669  262,940  3,308,107  
Korea Asian 630,821  187,158  2,330,619  265,688  3,414,286  
Korea Asian 625,752  197,653  2,388,942  310,568  3,522,915  
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c. Variants compared to KOREF_S 
Nation/tribe Ethnicity homozygous SNV homozygous INDEL heterozygous SNV heterozygous INDEL all variants 
Mandenka African 1,899,606 271,185 3,301,289 420,873 5,892,953 
Yoruba African 1,919,941 284,415 3,334,640 449,129 5,988,125 
San African 2,188,629 317,078 3,364,703 439,159 6,309,569 
Mbuti African 2,100,096 301,653 3,325,523 425,646 6,152,918 
Dinka African 1,887,255 270,418 3,168,465 406,489 5,732,627 
Sardinia Caucasian 1,728,462 257,330 2,560,749 334,792 4,881,333 
France Caucasian 1,664,474 247,083 2,628,682 343,003 4,883,242 
CEU Caucasian 1,679,236 263,547 2,719,341 431,376 5,093,500 
CEU Caucasian 1,650,211 258,262 2,678,162 384,000 4,970,635 
CEU Caucasian 1,629,051 252,415 2,708,918 389,169 4,979,553 
Mongolia Asian 1,433,902 187,832 2,499,056 331,562 4,452,352 
China (Han) Asian 1,408,738 196,399 2,451,061 288,071 4,344,269 
China (Dai) Asian 1,431,892 203,261 2,458,007 295,599 4,388,759 
Japan Asian 1,399,464 219,953 2,575,275 351,982 4,546,674 
Japan Asian 1,407,595 216,866 2,514,712 334,576 4,473,749 
Korea Asian 1,411,971 188,996 2,377,237 285,905 4,264,109 
Korea Asian 1,383,188 180,090 2,413,482 279,755 4,256,515 
Korea Asian 1,388,544 177,490 2,282,391 265,137 4,113,562 
Korea Asian 1,419,583 184,724 2,350,290 270,957 4,225,554 
Korea Asian 1,415,274 201,750 2,413,606 316,357 4,346,987 
 
 
d. Variants compared to KOREF_C 
Nation/tribe Ethnicity homozygous SNV homozygous INDEL heterozygous SNV heterozygous INDEL all variants 
Mandenka African 1,212,596 206,550 3,292,369 421,829 5,133,344 
Yoruba African 1,237,976 219,861 3,323,619 450,244 5,231,700 
San African 1,505,723 254,670 3,356,014 440,571 5,556,978 
Mbuti African 1,420,095 238,949 3,316,613 427,357 5,403,014 
Dinka African 1,209,682 206,620 3,160,340 407,555 4,984,197 
Sardinia Caucasian 993,587 183,953 2,552,486 335,486 4,065,512 
France Caucasian 922,712 172,431 2,616,202 343,503 4,054,848 
CEU Caucasian 926,900 185,792 2,701,042 431,538 4,245,272 
CEU Caucasian 927,687 182,975 2,649,135 383,506 4,143,303 
CEU Caucasian 903,211 176,639 2,678,229 388,519 4,146,598 
Mongolia Asian 652,322 114,456 2,499,555 328,313 3,594,646 
China (Han) Asian 616,323 115,941 2,441,811 287,953 3,462,028 
China (Dai) Asian 635,841 121,720 2,449,488 295,368 3,502,417 
Japan Asian 576,063 127,970 2,466,876 339,653 3,510,562 
Japan Asian 573,960 123,705 2,450,926 330,414 3,479,005 
Korea Asian 583,492 105,543 2,377,620 284,977 3,351,632 
Korea Asian 554,680 98,501 2,414,149 278,757 3,346,087 
Korea Asian 557,668 96,310 2,283,849 264,161 3,201,988 
Korea Asian 593,228 102,429 2,349,328 269,759 3,314,744 




I found that the number of variants was considerably different, depending on the reference used. 
Variant numbers of all individuals (Caucasian, African, and East-Asian) decreased when KOREF_C 
was used as a reference. However, because the lower number of actual bases (non-gapped) in 
KOREFs (KOREF_S and KOREF_C) could affect the accuracy of genotype reconstruction, I 
compared variant numbers only within the regions shared by KOREFs, GRCh38, and GRCh38_C 
(Table 37).  
Table 37. Variants within the regions shared by GRCh38, GRCh38_C, and KOREFs 
a. Variants compared to GRCh38 
Nation/tribe Ethnicity homozygous SNV homozygous INDEL heterozygous SNV heterozygous INDEL all variants 
Mandenka African 1,537,873  243,192  2,984,279  410,079  5,175,423  
Yoruba African 1,546,651  252,162  3,008,067  437,903  5,244,783  
San African 1,841,485  291,111  3,045,419  428,629  5,606,644  
Mbuti African 1,753,016  276,634  3,007,386  414,524  5,451,560  
Dinka African 1,567,818  247,302  2,879,582  396,375  5,091,077  
Sardinia Caucasian 1,480,532  245,823  2,247,876  323,930  4,298,161  
France Caucasian 1,437,117  237,741  2,295,762  331,586  4,302,206  
CEU Caucasian 1,413,798  235,749  2,366,980  421,059  4,437,586  
CEU Caucasian 1,435,451  237,311  2,304,493  370,296  4,347,551  
CEU Caucasian 1,406,198  230,185  2,357,944  379,214  4,373,541  
Mongolia Asian 1,523,758  225,799  2,231,015  330,974  4,311,546  
China (Han) Asian 1,575,375  247,925  2,150,845  281,443  4,255,588  
China (Dai) Asian 1,567,327  249,339  2,158,728  289,153  4,264,547  
Japan Asian 1,555,213  259,770  2,233,166  347,895  4,396,044  
Japan Asian 1,585,887  261,995  2,171,749  328,495  4,348,126  
Korea Asian 1,555,627  233,655  2,080,105  281,432  4,150,819  
Korea Asian 1,525,401  224,823  2,137,357  277,678  4,165,259  
Korea Asian 1,532,866  223,272  2,027,996  263,914  4,048,048  
Korea Asian 1,579,741  231,933  2,053,255  266,294  4,131,223  
Korea Asian 1,564,621  241,984  2,102,604  313,656  4,222,865  
 
 
b. Variants compared to GRCh38_C 
Nation/tribe Ethnicity homozygous SNV homozygous INDEL heterozygous SNV heterozygous INDEL all variants 
Mandenka African 1,140,674  234,795  3,029,895  398,762  4,804,126  
Yoruba African 1,158,743  243,701  3,057,738  426,039  4,886,221  
San African 1,435,562  282,503  3,094,711  419,031  5,231,807  
Mbuti African 1,347,609  267,723  3,053,888  404,815  5,074,035  
Dinka African 1,145,701  236,530  2,924,800  385,595  4,692,626  
Sardinia Caucasian 912,707  219,775  2,290,437  311,798  3,734,717  
France Caucasian 846,238  211,278  2,337,491  318,846  3,713,853  
CEU Caucasian 842,235  212,174  2,417,190  404,301  3,875,900  
CEU Caucasian 869,407  214,106  2,352,705  355,499  3,791,717  
CEU Caucasian 836,982  207,081  2,407,010  364,228  3,815,301  
Mongolia Asian 595,351  182,774  2,279,226  314,497  3,371,848  
China (Han) Asian 565,008  195,176  2,191,491  270,050  3,221,725  
China (Dai) Asian 562,927  196,225  2,199,261  277,139  3,235,552  
Japan Asian 559,044  206,148  2,278,808  332,765  3,376,765  
Japan Asian 586,127  207,706  2,215,849  314,543  3,324,225  
Korea Asian 562,965  183,668  2,120,913  268,212  3,135,758  
Korea Asian 526,445  175,743  2,177,998  264,832  3,145,018  
Korea Asian 535,049  173,397  2,070,424  251,501  3,030,371  
Korea Asian 571,978  181,302  2,093,657  253,797  3,100,734  
Korea Asian 566,370  191,396  2,148,469  297,654  3,203,889  
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c. Variants compared to KOREF_S 
Nation/tribe Ethnicity homozygous SNV homozygous INDEL heterozygous SNV heterozygous INDEL all variants 
Mandenka African 1,838,584  261,031  3,193,260  411,299  5,704,174  
Yoruba African 1,855,419  273,126  3,226,650  438,830  5,794,025  
San African 2,121,591  305,602  3,254,073  429,336  6,110,602  
Mbuti African 2,035,747  290,769  3,217,689  416,122  5,960,327  
Dinka African 1,827,074  260,185  3,067,251  397,427  5,551,937  
Sardinia Caucasian 1,663,730  246,752  2,465,532  326,422  4,702,436  
France Caucasian 1,603,905  237,107  2,531,956  334,458  4,707,426  
CEU Caucasian 1,614,403  250,863  2,616,108  420,811  4,902,185  
CEU Caucasian 1,592,455  245,827  2,572,676  373,934  4,784,892  
CEU Caucasian 1,571,221  239,991  2,608,477  379,413  4,799,102  
Mongolia Asian 1,378,650  179,021  2,413,749  323,974  4,295,394  
China (Han) Asian 1,356,821  187,835  2,359,226  280,404  4,184,286  
China (Dai) Asian 1,377,144  194,272  2,367,079  288,021  4,226,516  
Japan Asian 1,344,144  209,132  2,470,649  342,741  4,366,666  
Japan Asian 1,356,151  207,138  2,413,387  325,581  4,302,257  
Korea Asian 1,359,667  181,002  2,292,465  278,932  4,112,066  
Korea Asian 1,331,466  172,387  2,330,028  273,137  4,107,018  
Korea Asian 1,338,598  170,149  2,208,679  259,363  3,976,789  
Korea Asian 1,366,749  176,853  2,265,556  264,238  4,073,396  
Korea Asian 1,361,208  192,930  2,322,623  308,795  4,185,556  
 
 
d. Variants compared to KOREF_C 
Nation/tribe Ethnicity homozygous SNV homozygous INDEL heterozygous SNV heterozygous INDEL all variants 
Mandenka African 1,169,556  199,035  3,177,568  412,169  4,958,328  
Yoruba African 1,192,463  211,369  3,208,543  439,883  5,052,258  
San African 1,457,870  245,947  3,238,385  430,637  5,372,839  
Mbuti African 1,373,409  230,635  3,201,885  417,685  5,223,614  
Dinka African 1,167,547  199,131  3,052,556  398,438  4,817,672  
Sardinia Caucasian 949,611  176,166  2,449,771  327,061  3,902,609  
France Caucasian 883,063  165,329  2,512,690  334,951  3,896,033  
CEU Caucasian 883,635  176,306  2,590,930  420,995  4,071,866  
CEU Caucasian 888,351  173,695  2,537,367  373,554  3,972,967  
CEU Caucasian 864,194  167,370  2,572,881  378,897  3,983,342  
Mongolia Asian 617,152  108,283  2,406,654  320,873  3,452,962  
China (Han) Asian 584,392  110,287  2,342,911  280,331  3,317,921  
China (Dai) Asian 600,804  115,643  2,350,939  287,795  3,355,181  
Japan Asian 542,593  120,860  2,360,342  330,763  3,354,558  
Japan Asian 543,428  117,352  2,347,537  321,787  3,330,104  
Korea Asian 555,357  100,726  2,285,893  278,057  3,220,033  
Korea Asian 527,941  94,040  2,323,498  272,173  3,217,652  
Korea Asian 530,235  92,058  2,203,812  258,373  3,084,478  
Korea Asian 563,836  97,792  2,257,652  262,967  3,182,247  
Korea Asian 560,149  111,283  2,310,227  308,538  3,290,197  
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As expected, the numbers of homozygous variants from all the Asian genomes (two Chinese, two 
Japanese, one Mongolian, and five Korean) decreased largely (35.5 % of SNVs and 43.9 % of indels 
remained) when KOREF_C was used as a reference compared to GRCh38 (Fig. 23a and 23b); on the 
contrary, the numbers of homozygous variants from Caucasian and African genomes decreased little.  
 
Figure 23. Variants difference depending on the reference genome. Variants (SNVs and small 
indels) numbers within the regions shared by KOREFs, GRCh38, and GRCh38_C were compared 
using whole genome re-sequencing data from three different ethnic groups (Africans: Mandenka, 
Yoruba, San, Mbuti, and Dinka; Caucasians: Sardinian, French, and three CEPH/Utah (CEU); East-
Asians: Mongolian, two Chinese, two Japanese, and five Koreans). (a) Number of homozygous SNVs. 
(b) Number of homozygous small indels. (c) Number of heterozygous SNVs. (d) Number of 
heterozygous small indels. (e) The number of variants (referenced by GRCh38 and KOREF_C) at 
different levels of sharedness. (f) The number of reference-specific variants at different levels of 
sharedness.  
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In cases of homozygous SNVs, a similar pattern was observed between GRCh38_C and GRCh38. 
However, the numbers of homozygous indels when using GRCh38_C as a reference were higher than 
when using KOREF_C as a reference. I speculate that this is because fewer common indels were 
substituted for GRCh38_C when compared to KOREF_C due to low sequencing depths of 1KGP data. 
The numbers of homozygous variants found in non-Korean Asians were similar to those found among 
Koreans, suggesting that KOREFs can be used for other East-Asian genomes. On the other hand, the 
numbers of heterozygous SNVs were slightly higher in KOREFs, which is consistent with the 
mapping result of the CHM1 re-sequencing data as described above (Fig. 13). However, I confirmed 
that the numbers of heterozygous SNVs were similar when restricted the analysis to non-repetitive 
regions. The numbers of heterozygous indels were also largely constant regardless of reference used 
(Fig. 23c and 23d).  
Focusing on differently called variants (variants found in GRCh38 but not found in 
KOREF_C, and vice versa), I found that there were differences in the number of variants among 
populations (i.e., population stratification in terms of variant number). The differences of variants 
among populations were more prominent when using KOREF_C specifically called variants (Table 
38).  


































HGDP01286 5,133,344  4,817,523  3,724,661  1,092,862  62.84  5,540,897  5,092,299  3,724,661  1,367,638  90.89  
HGDP00936 5,231,700  4,906,223  3,777,871  1,128,352  62.44  5,623,220  5,157,411  3,777,871  1,379,540  90.57  
HGDP01036 5,556,978  5,225,218  4,059,097  1,166,121  63.98  6,003,448  5,515,678  4,059,097  1,456,581  89.91  
HGDP00982 5,403,014  5,080,484  3,937,532  1,142,952  63.73  5,830,855  5,364,279  3,937,532  1,426,747  90.23  
DNK07 4,984,197  4,682,755  3,620,328  1,062,427  63.67  5,458,242  5,023,822  3,620,328  1,403,494  90.59  
HGDP01076 4,065,512  3,764,205  2,749,152  1,015,053  60.13  4,659,040  4,216,533  2,749,152  1,467,381  91.85  
HGDP00533 4,054,848  3,760,102  2,775,122  984,980  58.46  4,651,207  4,226,021  2,775,122  1,450,899  92.23  
SRR622457 4,245,272  3,932,305  2,892,034  1,040,271  56.67  4,820,154  4,353,229  2,892,034  1,461,195  91.78  
SRR622458 4,143,303  3,835,419  2,806,641  1,028,778  57.83  4,734,964  4,268,877  2,806,641  1,462,236  91.98  
SRR622459 4,146,598  3,850,185  2,857,748  992,437  58.25  4,746,019  4,295,574  2,857,748  1,437,826  92.25  
PAP-MGL0002-
U01-G 3,594,646  3,321,154  2,581,981  739,173  50.98  4,659,236  4,234,280  2,581,981  1,652,299  92.94  
HGDP00775 3,462,028  3,191,805  2,472,583  719,222  48.40  4,598,907  4,182,000  2,472,583  1,709,417  93.33  
HGDP01308 3,502,417  3,228,298  2,487,426  740,872  48.95  4,607,536  4,190,235  2,487,426  1,702,809  92.78  
PUB-JPN0003-
U01-G 3,510,562  3,228,695  2,492,415  736,280  46.55  4,787,215  4,304,660  2,492,415  1,812,245  92.52  
PUB-JPN0005-
U01-G 3,479,005  3,204,624  2,483,055  721,569  47.18  4,730,839  4,261,777  2,483,055  1,778,722  92.66  
KPGP-00120 3,351,632  3,104,933  2,406,100  698,833  49.18  4,469,231  4,094,983  2,406,100  1,688,883  93.17  
KPGP-00121 3,346,087  3,106,893  2,446,729  660,164  49.03  4,484,205  4,101,486  2,446,729  1,654,757  93.55  
KPGP-00122 3,201,988  2,982,262  2,338,187  644,075  51.35  4,335,382  3,990,411  2,338,187  1,652,224  94.02  
KPGP-00124 3,314,744  3,068,830  2,379,991  688,839  49.61  4,455,271  4,068,391  2,379,991  1,688,400  93.37  
KPGP-00117 3,431,757  3,169,212  2,439,378  729,834  49.14  4,549,325  4,154,657  2,439,378  1,715,279  92.88  
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The number of commonly shared KOREF_C called variants (> 6 individuals) in the 20 whole 
genomes was much smaller, whereas the number of less common KOREF_C called variants, 
including individual-specific ones, was higher (Fig. 23e and 23f). Also, the number of KOREF_C 
specifically called variants was considerably lower in the ten Asians than those in the ten non-Asians. 
These results reflect the consensus variants components of KOREF_C and also confirm that GRCh38 
lacks Asian specific sequences5. The majority (92.3 %) of the GRCh38 specifically called variants 
were found in dbSNP56 (Table 38), whereas a smaller fraction (56.17 %) of the KOREF_C 
specifically called variants were defined as known. When variants in repetitive and segmentally-
duplicated regions were excluded, a much larger fraction (86.21 %) of the KOREF_C specifically 
called variants were known (Table 39), indicating that the majority of novel variants found in 
KOREF_C was caused by the incompleteness of repetitive and segmentally-duplicated regions. 
Therefore, I conclude that although KOREFs have an advantage for efficient variant detection for the 
same ethnic genomes, KOREFs need to be improved using longer sequence reads to reconstruct 
genotypes properly.  








































HGDP01286 1,092,862  299,091  265,979  88.93  1,367,638  539,509  513,196  95.12  
HGDP00936 1,128,352  306,275  270,824  88.43  1,379,540  540,882  513,927  95.02  
HGDP01036 1,166,121  329,655  293,693  89.09  1,456,581  574,635  543,375  94.56  
HGDP00982 1,142,952  317,551  283,225  89.19  1,426,747  562,818  532,827  94.67  
DNK07 1,062,427  293,307  261,979  89.32  1,403,494  549,907  522,865  95.08  
HGDP01076 1,015,053  263,759  231,572  87.80  1,467,381  581,224  557,298  95.88  
HGDP00533 984,980  244,711  213,247  87.14  1,450,899  580,942  557,868  96.03  
SRR622457 1,040,271  254,313  219,226  86.20  1,461,195  577,047  552,595  95.76  
SRR622458 1,028,778  250,068  218,577  87.41  1,462,236  574,845  552,937  96.19  
SRR622459 992,437  246,130  215,322  87.48  1,437,826  570,444  548,299  96.12  
PAP-MGL0002-
U01-G 739,173  150,497  125,793  83.59  1,652,299  671,208  646,308  96.29  
HGDP00775 719,222  137,325  112,841  82.17  1,709,417  699,766  675,676  96.56  
HGDP01308 740,872  144,349  119,116  82.52  1,702,809  692,124  666,145  96.25  
PUB-JPN0003-
U01-G 736,280  140,793  111,647  79.30  1,812,245  730,151  700,294  95.91  
PUB-JPN0005-
U01-G 721,569  139,637  111,743  80.02  1,778,722  717,353  689,257  96.08  
KPGP-00120 698,833  137,357  113,773  82.83  1,688,883  693,106  667,117  96.25  
KPGP-00121 660,164  132,394  109,914  83.02  1,654,757  686,470  661,936  96.43  
KPGP-00122 644,075  133,855  112,752  84.23  1,652,224  686,656  662,991  96.55  
KPGP-00124 688,839  136,820  114,290  83.53  1,688,400  695,874  670,298  96.32  
KPGP-00117 729,834  145,430  118,223  81.29  1,715,279  701,389  674,777  96.21  
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Additionally, I found that the number of variants identified following substitution in the 
reference with the dominant variant (KOREF_S vs. KOREF_C) is much higher than the change 
caused by the ethnicity difference (KOREF_S vs. GRCh38; Fig. 23a and 23b). Also, the East-Asians’ 
homozygous variant number decreased only slightly when the KOREF_S was used, compared to 
GRCh38 (87.0 % of homozygous SNVs and 77.9 % of homozygous indels remained), while it was 
greatly decreased when KOREF_C was used (36.1 % of homozygous SNVs and 44.5 % of 
homozygous indels remained). On the other hand, the number of non-East Asians’ homozygous 
variants increased when the KOREF_S was used, compared to when GRCh38 was used. These results 
indicate that, at the whole genome variation level, intra-population variation is higher than the inter-
population variation in terms of number of variants, supporting the notion that Homo sapiens is one 




3.7 Ethnicity-specific reference and functional markers 
I also found that depending on the reference used, different numbers of non-synonymous SNVs 
(nsSNVs) and small indels were found in genic regions (Tables 40 and 41). With the aforementioned 
ten East-Asian whole genomes, the number of homozygous nsSNVs (from 3,644 to 1,280 on average) 
and indels (from 95 to 40 on average) decreased most when using KOREF_C as a reference instead of 
GRCh38; whereas a smaller decrease was observed in the five Caucasians (nsSNVs from 3,467 to 
2,098; indels from 89 to 65) and five Africans (nsSNVs from 4,216 to 3,007; indels from 134 to 109).  
Table 40. Variant in genic regions compared to GRCh38 and KOREF_C 
a. The number of variants found in genic regions compared to GRCh38 
Ethnicity / Sample ID 
nsSNV 
small indels 
Frame shift Indels in codon (x3) 
Homozygous Heterozygous Homozygous Heterozygous Homozygous Heterozygous 
African 
HGDP01286 3,772  8,356  35  75  92  128  
HGDP00936 3,840  8,350  30  96  96  140  
HGDP01036 4,387  8,580  33  94  108  127  
HGDP00982 4,439  8,518  34  81  96  130  
DNK07 3,885  8,059  37  98  77  123  
Caucasian 
HGDP01076 3,584  6,607  29  66  65  102  
HGDP00533 3,466  6,717  23  73  73  120  
SRR622457 3,498  6,804  38  43  58  106  
SRR622458 3,374  6,567  29  64  48  72  
SRR622459 3,412  6,505  38  51  46  76  
Asian 
PAP-MGL0002-U01-G 3,651  6,893  25  64  75  122  
HGDP00775 3,769  6,207  33  55  83  108  
HGDP01308 3,683  6,342  28  67  82  94  
PUB-JPN0003-U01-G 3,705  6,710  31  68  85  113  
PUB-JPN0005-U01-G 3,823  6,648  32  75  88  114  
KPGP-00120 3,542  5,755  32  50  56  68  
KPGP-00121 3,525  5,595  28  46  44  61  
KPGP-00122 3,517  5,398  26  41  40  50  
KPGP-00124 3,550  5,616  27  52  54  68  
KPGP-00117 3,679  5,807  26  51  54  71  
 
b. The number of variants found in genic regions compared to KOREF_C 
Ethnicity / Sample ID 
nsSNV 
small indels 
Frame shift Indels in codon (x3) 
Homozygous Heterozygous Homozygous Heterozygous Homozygous Heterozygous 
African 
HGDP01286 2,731  7,999  35  93  71  130  
HGDP00936 2,863  8,039  28  111  85  144  
HGDP01036 3,339  8,141  37  102  88  130  
HGDP00982 3,352  8,071  33  99  83  128  
DNK07 2,751  7,549  26  107  57  132  
Caucasian 
HGDP01076 2,237  6,203  21  79  49  107  
HGDP00533 2,060  6,402  16  95  45  129  
SRR622457 2,070  6,436  33  58  38  95  
SRR622458 2,032  6,177  23  84  37  80  
SRR622459 2,091  6,129  25  69  37  78  
Asian 
PAP-MGL0002-U01-G 1,459  6,542  15  80  37  114  
HGDP00775 1,352  5,850  11  74  40  109  
HGDP01308 1,429  5,966  9  83  31  98  
PUB-JPN0003-U01-G 1,363  6,081  14  80  37  112  
PUB-JPN0005-U01-G 1,337  6,362  24  92  28  119  
KPGP-00120 1,188  5,301  10  57  24  68  
KPGP-00121 1,100  5,286  11  56  18  62  
KPGP-00122 1,151  4,983  9  49  14  52  
KPGP-00124 1,285  5,177  8  56  24  67  
KPGP-00117 1,131  5,373  9  51  24  68  
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Table 41. The number of genes with homozygous variants 
Ethnicity / Sample ID 
GRCh38 KOREF_C 
nsSNV small indel total nsSNV small indel total 
African 
HGDP01286 2,669  123  2,742  1,961  100  2,016  
HGDP00936 2,688  117  2,756  2,055  106  2,116  
HGDP01036 3,045  138  3,128  2,319  124  2,393  
HGDP00982 3,012  128  3,083  2,278  115  2,339  
DNK07 2,687  110  2,756  1,946  77  1,998  
Caucasian 
HGDP01076 2,428  92  2,481  1,503  68  1,546  
HGDP00533 2,374  92  2,435  1,454  54  1,487  
SRR622457 2,388  93  2,440  1,416  64  1,449  
SRR622458 2,376  76  2,418  1,424  58  1,464  
SRR622459 2,335  84  2,382  1,469  59  1,508  
Asian 
PAP-MGL0002 2,508  100  2,568  1,016  50  1,052  
HGDP00775 2,569  115  2,631  915  48  946  
HGDP01308 2,515  103  2,579  987  38  1,009  
PUB-JPN0003 2,552  112  2,622  933  50  965  
PUB-JPN0005 2,599  115  2,671  913  41  939  
KPGP-00120 2,446  88  2,492  847  33  864  
KPGP-00121 2,440  71  2,477  791  29  808  
KPGP-00122 2,435  66  2,470  837  22  849  
KPGP-00124 2,470  81  2,515  870  32  888  
KPGP-00117 2,521  80  2,563  817  33  838  
 
 
When KOREF_C was used as the reference, predicted functionally altered (or damaged) genes by the 
homozygous variants also decreased the most among the East-Asians (East Asians, from 490 to 246 
on average; Caucasians, from 448 to 362; Africans, from 448 to 415; Table 42).  
Table 42. Predicted functionally altered genes by homozygous variants 
Ethnicity / Sample ID 
GRCh38 KOREF_C 
nsSNV small indel total nsSNV small indel total 
African 
HGDP01286 368 50 412 336 41 374 
HGDP00936 380 44 413 354 40 384 
HGDP01036 438 48 482 431 47 469 
HGDP00982 442 48 479 426 43 461 
DNK07 416 49 452 359 33 385 
Caucasian 
HGDP01076 432 45 468 362 29 387 
HGDP00533 404 36 434 327 20 344 
SRR622457 418 50 455 321 36 347 
SRR622458 412 39 442 317 29 342 
SRR622459 397 50 441 362 33 392 
Asian 
PAP-MGL0002 434 41 473 236 18 254 
HGDP00775 478 47 516 241 15 254 
HGDP01308 454 48 497 244 16 260 
PUB-JPN0003 433 42 469 222 16 236 
PUB-JPN0005 449 47 493 203 21 223 
KPGP-00120 458 50 500 244 18 259 
KPGP-00121 445 39 476 215 16 227 
KPGP-00122 468 40 501 247 12 256 
KPGP-00124 456 45 498 245 17 262 
KPGP-00117 436 42 475 215 18 232 
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Notably, in the ten East-Asians, the functionally altered genes, which were found only against 
GRCh38 but not KOREF_C, were enriched in several disease terms (myocardial infarction, 
hypertension, and genetic predisposition to disease), and olfactory and taste transduction pathways 
(Tables 43 and 44). Additionally, 13 nsSNVs, which are known as disease- and phenotype-associated 
variants, were called against GRCh38 but not KOREF_C (Table 45); I verified these loci by manually 
checking short reads alignment to both GRCh38 and KOREF_C (Fig. 24). 
Table 43. Disease term enrichment test for genes predicted to be functionally altered when using 
GRCh38 but not KOREF_C 
Group  Disease term #Gene P-value Bonferroni P-value 
Korean 
Adhesion 26 3.20E-08 2.40E-05 
Hypertension 14 3.58E-07 3.00E-04 
Musculoskeletal Diseases 20 3.93E-07 3.00E-04 
Genetic Predisposition to Disease 27 6.77E-07 5.00E-04 
Gestational hypertension 10 6.52E-07 5.00E-04 
Bacterial Infections 12 8.01E-07 6.00E-04 
Myocardial Infarction 14 7.72E-07 6.00E-04 
metabolic syndrome 11 1.86E-06 1.40E-03 
Eclampsia 9 3.09E-06 2.30E-03 
Disease Susceptibility 26 3.15E-06 2.40E-03 
Infarction 13 3.27E-06 2.50E-03 
Bone Diseases 13 4.92E-06 3.70E-03 
Osteonecrosis 5 5.02E-06 3.80E-03 
Coronary Disease 13 6.97E-06 5.20E-03 
Coronary Artery Disease 13 7.27E-06 5.50E-03 
Myocardial Ischemia 13 9.73E-06 7.30E-03 
Collagen Diseases 8 1.35E-05 1.01E-02 
Pre-Eclampsia 8 2.42E-05 1.81E-02 
Dwarfism 7 2.66E-05 1.99E-02 
Gastroschisis 3 2.76E-05 2.07E-02 
Brain Ischemia 8 3.40E-05 2.55E-02 
Mycobacterium Infections 7 3.41E-05 2.56E-02 
Arteriosclerosis 11 3.50E-05 2.62E-02 
Arterial Occlusive Diseases 11 4.32E-05 3.24E-02 
Aggressive Periodontitis 5 4.33E-05 3.25E-02 
Mycobacterial infection 7 4.33E-05 3.25E-02 
Coxa plana 3 4.78E-05 3.58E-02 




Musculoskeletal Diseases 23 1.83E-08 1.28E-05 
Adhesion 26 1.57E-07 1.00E-04 
Bone Diseases 15 4.22E-07 3.00E-04 
Bacterial Infections 12 1.86E-06 1.30E-03 
Myocardial Infarction 14 1.99E-06 1.40E-03 
Collagen Diseases 9 2.83E-06 2.00E-03 
metabolic syndrome 11 4.04E-06 2.80E-03 
Hypertension 13 5.14E-06 3.60E-03 
Genetic Predisposition to Disease 26 9.21E-06 6.40E-03 
Gestational hypertension 9 1.08E-05 7.50E-03 
Disease Susceptibility 25 3.65E-05 2.55E-02 
Infarction 12 3.82E-05 2.67E-02 
Dwarfism 7 4.44E-05 3.10E-02 
Eclampsia 8 4.60E-05 3.21E-02 
Caucasian 
Musculoskeletal Diseases 17 6.01E-07 3.00E-04 
Common Cold 11 9.83E-06 4.90E-03 
Dystonia Musculorum Deformans 4 1.12E-05 5.60E-03 
Adhesion 17 4.87E-05 2.43E-02 
Respiratory Tract Infections 10 5.19E-05 2.59E-02 
Bone Diseases 10 5.37E-05 2.68E-02 
metabolic syndrome 8 6.48E-05 3.23E-02 
Bacterial Infections 8 1.00E-04 4.99E-02 
African 
Bone Diseases 11 9.02E-07 4.00E-04 
Musculoskeletal Diseases 13 1.60E-05 6.30E-03 
Collagen Diseases 6 4.63E-05 1.83E-02 
Aggressive Periodontitis 4 8.55E-05 3.38E-02 
metabolic syndrome 7 9.35E-05 3.69E-02 
Adhesion 14 1.00E-04 3.95E-02 
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Table 44. Pathway enrichment test for genes predicted to be functionally altered when using 
GRCh38 but not KOREF_C 
Group  Pathway #Gene P-value Bonferroni P-value 
Korean 
Olfactory transduction 36 4.00E-22 2.16E-20 
ECM-receptor interaction 9 5.16E-07 2.79E-05 
Taste transduction 5 3.00E-04 1.62E-02 




Olfactory transduction 36 5.93E-21 3.50E-19 
ECM-receptor interaction 9 1.01E-06 5.96E-05 
Taste transduction 5 4.00E-04 2.36E-02 
Protein digestion and absorption 6 5.00E-04 2.95E-02 
Focal adhesion 9 8.00E-04 4.72E-02 
Caucasian 
Olfactory transduction 31 7.79E-21 2.57E-19 
ECM-receptor interaction 7 8.52E-06 3.00E-04 
Arrhythmogenic right ventricular cardiomyopathy (ARVC) 5 4.00E-04 1.32E-02 
Hypertrophic cardiomyopathy (HCM) 5 7.00E-04 2.31E-02 
Dilated cardiomyopathy 5 1.10E-03 3.63E-02 
African 
Olfactory transduction 20 2.50E-12 6.50E-11 
ECM-receptor interaction 6 2.32E-05 6.00E-04 
 
 
Table 45. Disease associated nsSNVs found against GRCh38 but not KOREF_C 

















1 100206504 T C DBT G323S pathogenic 
Intermediate maple syrup 
urine disease type 2 
RCV000012727.2
1 5/5 4/5 5/5 4/5 
1 196690107 C T CFH Y402H pathogenic Basal laminar drusen 
RCV000018016.2
7 4/5 4/5 4/5 4/5 
4 186236880 G A KLKB1 N124S pathogenic Prekallikrein deficiency RCV000012817.23 2/5 3/5 1/5 4/5 
5 35871088 G A IL7R I138V pathogenic 
Severe combined 
immunodeficiency, 
autosomal recessive, T cell-
negative, B cell-positive, 
NK cell-positive 
RCV000015965.2
4 2/5 0/5 4/5 4/5 
5 74685445 T C HEXB S62L pathogenic 
Sandhoff disease, infantile 
type 
RCV000004086.1 3/5 5/5 5/5 5/5 
7 150999023 T G NOS3 E298D pathogenic 
Hypertension resistant to 
conventional therapy 
RCV000015056.2 5/5 4/5 0/5 4/5 






RCV000000760.2 5/5 5/5 3/5 1/5 
11 17388025 T C KCNJ11 E23K 
drug 
response 
Exercise stress response, 
impaired, association with 
RCV000009215.1 1/5 3/5 1/5 5/5 
12 120999579 A G HNF1A G574S pathogenic 
Maturity-onset diabetes of 
the young, type 3 
(MODY3) 
RCV000016077.2
4 5/5 5/5 5/5 4/5 




RCV000001643.1 5/5 4/5 3/5 5/5 
15 48134287 A G SLC24A5 A111T pathogenic 
Skin/hair/eye pigmentation, 
variation in, 4 (SHEP4) 
RCV000001552.2 5/5 5/5 0/5 5/5 




RCV000004838.2 5/5 5/5 5/5 5/5 
22 18913491 C T PRODH Q521R pathogenic 
Proline dehydrogenase 
deficiency (HYRPRO1) 




Figure 24. An example of variants that were called against GRCh38, but not KOREF_C. The 13 
nsSNVs that are known as disease- and phenotype-associated were verified by visual inspection of 





Each ethnic group has a specific variation repertoire, including single nucleotide polymorphisms and 
larger structural deviations6,69. Therefore, for large-scale population genome projects, leveraging 
ethnicity-specific reference genomes alongside GRCh38 can bring additional benefits in detecting 
variants more efficiently. The genotype reconstruction should bring similar results (without the 
assembly-specific sequence regions) regardless which reference is used, if the assembly quality is 
similarly high and all-sites of whole genome are called. Instead, the ethnic-relevant assembly has an 
additional utility in terms of fast and efficient variant-calling (lower number of variants) for the same 
ethnic genomes especially with the consensus variants components. Also, the population stratification 
(systematic difference in allele frequencies) can be a problem for association studies, where the 
association could be found due to the underlying structure of the population and not a disease 
associated locus70. In cancer genome analyses, it is a common practice to compare cancer sample 
sequencing data against public variants databases such as dbSNP56 to remove previously described 
normal variants as a key filtering step in detecting somatic point mutations71. As a consensus reference, 
KOREF contains the Korean population variome from 40 additional Korean personal genomes, and 
can help researchers to efficiently process cancer-specific variants. Ethnicity-specific genomic regions 
such as novel sequences and copy number variable regions can affect precise genotype reconstruction. 
I demonstrate an example of a better genotype reconstruction in the copy number variable regions 
using KOREF (Fig. 25). Hence, the ethnicity-specific reference genome, KOREF, can also be useful 
for detecting disease-relevant variants in East-Asians. 
 As a national standard reference genome, KOREF has been constructed according to 
standardized production and evaluation procedures (document # GDC-KMP-004 and GDC-KEP-004) 
that were registered in National Center for Standard Reference Data (NCSRD) of Korea. In 2017, 
KOREF is officially registered as a standard reference for Korean genome by evaluating its 
traceability, uncertainty, and consistency and by expert committee’s reviews. 
 De novo assembly based on Sanger sequencing is still too expensive to be used routinely. I 
have demonstrated that it is possible to produce a de novo assembly of relatively high quality at a 
fraction of the cost by combining the latest sequencing and bioinformatics methods. Additionally, I 
have shown that optical and nano technologies can extend the size of the large scaffolds while 
validating the initial assembly. I found that the identification of structural differences based on the 
genome assembly is largely affected by assembly quality, suggesting a need for new technologies and 
higher quality of assembly from additional individuals in various populations to better understand 
comprehensive maps of genomic structure. Also, it is important that the same coordinate system on 
the GRCh38 allows comparison of different individuals, to leverage the vast amount of previously 
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established knowledge and annotations. Therefore, it is also crucial to investigate how to transfer 
those annotations to personal/ethnic reference genomes by preferentially supplementing additional 
references into GRCh38 to gain additional biological insights.  
 
Figure 25. An example of genotype reconstruction difference in GRCh38 and KOREF_C. 
GRCh38 has one copy region, but KOREF_C has two copies for the same region. Heterozygous 
variants that may be caused by the copy number difference were not detected when using KOREF_C.  
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KOREFs cannot, and are not meant to, replace the human reference in general, and some of 
its genomic regions, such as centromeric and telomeric regions, and many gaps, are largely 
incomplete. However, KOREFs still can be useful in improving the alignment of East-Asian personal 
genomes, in terms of fast and efficient variant-calling and detecting individual- and ethnic-specific 
variations for large-scale genome projects. I think it is possible in the near future to use KOREF as a 
platform for constructing a complete reference genome that includes all the missing gaps and repeat 
regions using currently available long distance genome interaction information such as Hi-C72 and 
other nanochannel and nanopore based sequencing technologies73. I also think that every individual 
should have his or her own reference genome for a high quality genotype reconstruction and genomic 
structure identification in the personalized medicine era. Therefore, a new era of the de novo assembly 
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